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Magnetron is a crossed-field vacuum tube and has found applications in many fields 
where high power microwave is required, such as meteorological radar, marine 
navigation, particle accelerator and domestic and industrial heating. When the 
operating frequencies are in millimetre-wave/THz band, conventional magnetrons 
show an inherent limitation due to complex small structure, short life time and intense 
magnetic field. 
Recently, the Spatial Harmonic Magnetron (SHM) has been proved to be an effective 
alternative to conventional magnetron for millimetre-wave/THz applications with the 
advantages of simple anode structure, sufficient life time, low voltage and magnetic 
field. However, the physics of the operation of SHM have not been adequately 
understood. In this thesis, considerable insight into the SHM operation has been 
obtained based on the 3-D particle simulation and experiment. 
The investigation of a 16-vane SHM operating in the π/2-1 mode at 35GHz reveals 
that the cathode current mainly depends on the electron secondary emission from the 
cold cathode rather than the injection current from the side cathode. The smaller 
secondary emission coefficient causes noisy output spectrum and low output power. 
When the secondary emission coefficient reduces below a threshold value, the 
oscillation cannot start. The transient behaviour shows that the neighbouring modes 
compete with the working mode. The particle-in-cell (PIC) simulation of a π/2 SHM 
demonstrates that the oscillation could jump from the working mode to its 
neighbouring mode with a slight change of the anode voltage. 
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The simulated performance on a compact 95 GHz SHM is in a good agreement with 
the measured one. A number of engineering issues, such as the pulse duration, the 
anode temperature and vacuum break down have been considered for the SHM to 
deliver more than 5kW peak power with 200ns pulse in 0.05% duty cycle. The quality 
of output signal pulses assessed in the experiment indicates that this SHM can be 
effectively used for the development of low cost W-band cloud radar. 
There are a number of technical challenges in designing and fabricating THz-band 
SHMs with good performance, such as fabrication of a large number of cavities and 
the cold cathode. The modelling of a 40-vane 209 GHz SHM operating on the π/2-1 
mode and the measurement on fabricated anode cavity indicates that the fabrication 
tolerance should be taken into account in the design of a high frequency SHM. 
Based on the analysis on a 44-cavity anode, the π/2-3 mode is chosen to improve the 
mode stability. The PIC simulation indicates that such magnetrons can deliver at least 
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Chapter 1 Introduction 
1.1 Introduction to Vacuum Electronic Devices 
Magnetron is the first practical vacuum electronic device (VED) which was developed 
in England in the 1930’s and it provided the impetus for the development of 
microwave radar during World War II [1-3]. Since then, a large variety of VEDs have 
been developed for the generation and amplification of microwave power, such as 
backward-wave oscillators (BWOs) [4], travelling wave tubes (TWTs) [5, 6], 
klystrons [7, 8], free electron lasers (FELs) [9, 10], and gyro-devices [11, 12]. 
Although solid-state devices have been progressively filling roles that once could only 
be met by VEDs, VEDs are still essential for the generation of very high powers (10 
kW and higher) at millimetre-wave and THz frequencies (100 GHz and higher) [13, 
14].  
1.1.1 Fundamental of Vacuum Electronic Devices 
There are various types of VEDs, but they all share some common features and 
fundamental operating mechanisms. A typical VED consists of two or more 
electrodes enclosed in a metal vacuum envelop. The electrons are emitted from the 
cathode by thermionic emission, or electric field emission, or some other methods, 
such as secondary emission. Thermionic cathodes fabricated by a barium oxide–
coated metal surface, or an impregnated tungsten surface are commonly used. 
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Fundamentals of all VEDs are the dynamics of electrons under different electric- and 
magnetic-field configurations. The principle of operation is to transfer the kinetic 
energy of electrons to the RF field so as to enhance electromagnetic radiation. For 
example, when an electron is decelerated, its kinetic energy is transferred to the RF 
field. Thus, the DC energy stored in an external power supply can be converted to RF 
energy. The RF energy is coupled out of envelop to the load circuit accomplished with 
coupling slots or probes, or transparent windows. After the electrons leave the 
electron-wave interaction space, remaining electrons are collected by the collector 
elements. Because of the requirement for a high vacuum and the need to dissipate 
large amounts of heat, VEDs are generally large and bulky compared with solid-state 
devices. In addition, VEDs often require magnetic field and high voltage power 
supplies. Factors to consider in the choice of a particular type of VEDs include output 
power, frequency, bandwidth, tuning range, and noise. 
1.1.2 Different types of vacuum electronic devices 
Depending on the different interaction mechanism between the electrons and the 
electromagnetic field, VEDs are often grouped into two categories: the ‘O’ type and 
the ‘M’ type [15]. The ‘O’ type is also called a linear-beam type, in which the electron 
beam traverses the length of the tube parallel to the magnetic field and the magnetic 
field is used for focusing only, such as TWTs and Klystrons. The TWT is usually used 
as an amplifier. Figure 1.1 is an example of a TWT in which the slow wave structure 
is a helix. 
It uses an electron gun and a focusing magnet to generate and accelerate an electron 
beam through an interaction region. The RF input is coupled to the slow wave 
structure at the electron gun end. The helical structure slows down the propagating RF 
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wave so that it travels with the velocity close to the electron beam along the 
interaction region, which makes the beam-wave interaction possible. Then the 
amplified signal is coupled out at the end of the helix. The TWT has the highest 
bandwidth of any amplifier tube, ranging from 30% to 120%. This makes it very 
useful for electronic warfare systems and satellite communications which require high 
power over broad bandwidths [16].  
 
Figure 1.1 Schematic of a travelling wave tube [17]. 
The ‘M’ type is also called crossed-field devices, in which magnetic field is 
perpendicular to both the electron beam and the accelerating electric field and plays a 
direct role in the interaction process. Typical ‘M’ type devices are magnetrons and 
crossed-field amplifiers (CFAs). Figure1.2 shows a structure of a conventional cavity 
magnetron. It consists of a cylindrical cathode and a coaxial anode with several 
individual resonant cavities. The most efficient oscillation mode is the π mode, when 
the adjacent cavities are 180
o
 out of phase. A static magnetic field is parallel to the 
axis of the cathode. During the start-up of oscillation, the electron cloud rotates 
around the cathode surface and generates noise. When the RF field grows and the 
anode voltage exceeds a certain value, electrons begin to transfer their energy to the 
RF field. When the anode voltage and the static magnetic field are properly selected, 
the π mode oscillations will dominate. A detailed mechanism of operation and 
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typical characteristics of magnetron will be discussed in Chapter 2. The magnetron 
has the advantages of being able to generate high power (from several kilowatts to 
megawatts) at high efficiency (80% -90%). Magnetrons are widely used in radar 
systems [18, 19], medical X-ray source [20], microwave oven and heating [21]. With 
the advantages of low cost and compact structure, magnetron is also selected as a 
power source in microwave wireless power transmission systems [22]. 
 
Figure 1.2 Basic structure of a conventional magnetron [19]. 
The VEDs also can be classified as slow-wave devices and fast wave devices. The 
devices introduced above are slow-wave devices in which the interaction circuits are 
designed to reduce the phase velocity of the electromagnetic wave below the speed of 
light. In fast-wave devices, the RF structure is usually a smooth waveguide or a large 
resonator in which no attempt is made to reduce the velocity of the wave. The result is 
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that the size limitations found in slow-wave devices are significantly relaxed. With 
larger dimensions, the power-handling capability is also enhanced. 
Gyrotron is a typical fast wave device which can be used as an amplifier or oscillator. 
As shown in Figure 1.3, it consists of an electron gun with input and output cavities 
along the axis of the electron beam. It usually has a solenoidal bias magnet that 
provides an axial magnetic field. This field forces the electrons to travel in tight 
spirals down the length of the tube.   
 
Figure 1.3 Schematic of a gyrotron [17]. 
The electron velocity is so high and the relativistic effect will cause the spiralling 
electrons to bunch in the transverse plane. And then, a net energy from the transverse 
component of the electron velocity is transferred to the RF field if a proper 
synchronisation condition is satisfied. A significant feature of the gyrotron is that the 
frequency of operation is determined by the bias field strength and the electron 
velocity, as opposed to the dimensions of the tube itself. This makes gyrotron 
especially useful for frequencies above 100 GHz, as shown in Figure 1.4. However, 
the development of the fast-wave devices is limited by the complex structure and the 
requirement of intense external magnetic field. 




Figure 1.4 Power versus frequency performance of VEDs [16]. 
1.2 Applications of Millimetre-wave and THz Magnetron 
1.2.1 Millimetre-wave cloud radar 
The cloud is an important component of the climate system, which has a profound 
impact on the Earth’s climate. It is a fundamental stage of water cycle in the 
atmosphere, condensing water vapour and forming precipitation. The cloud has macro 
physical properties and micro properties. Macro physical properties are the height of 
the cloud base and top, and related to that the thickness (vertical extent) of the cloud, 
the cloud fraction and the cloud overlap. Microphysical cloud properties are the phase 
of the particles (water or ice) and the particle size distribution. 
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The diameters of the particle in the cloud are in the range from 10 μm to 100 μm. 
They are most often too small to be detected by centimetre-wavelength radars. Thus, 
millimetre-wavelength radars are necessary [23, 24].  
 
Figure 1.5 A block diagram of a fully coherent radar based on amplifiers [25]. 
Compared with microwave weather radar, millimetre-wave cloud radar is superior in 
measuring the clouds in the following ways: (1) it has higher sensitivity in detecting 
small particles like ice drop, fog, and dust; (2) it provides better precision of Doppler 
velocity; (3) it has higher spatial resolution due to its narrow beam width; (4) it has 
more compact and lighter weight. At present, Ka-band and W-band radar for cloud 
research has been proven to be an optimal choice in terms of maximum sensitivity and 
system compactness for ground-based, airborne and space borne radar systems [26, 
27]. 
There are two main approaches to the development of coherent millimetre-wave radar 
systems: truly coherent radar and pseudo-coherent (also named coherent-on-receiver 
radar) [28]. The transmitter of the truly coherent radar is based on an amplifier, such 
as TWT and EIK driven by a highly stable oscillator [29, 30]. The block diagram is 
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shown in Figure 1.5. The oscillator is used also as a reference source for the receiver, 
in which case the measurement of the backscattered signal phase is relatively easy. 
Such systems provide fairly good clutter suppression, a high Doppler resolution, and 
give a possibility of introducing sophisticated methods of pulse compression. 
However, the high cost limits its applications, especially in the civil areas.  
 
Figure 1.6 A block diagram of a pseudo-coherent radar based on oscillators [25]. 
Coherent-on-receiver approach deals with storing the values of the phase of the RF 
pulses emitted by the transmitter and comparing these values with those measured by 
the receiver, as shown in Figure 1.6. In this case, the transmitter can be based on a 
self-running oscillator such as magnetron. The recent advances in microprocessor 
development and digital signal processing allow the development of the coherent 
receiver systems with the capabilities similar to those provided by truly coherent 
systems [31] . The relatively low cost and complexity make it being a very attractive 
solution. But the problem lies in the lack of reliable long life time millimetre-wave 
magnetrons, especially W-band magnetron. VEDs such as TWTs and Klystrons have 
already been used in millimetre-wave radar systems. The requirement of smaller, 
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lighter, and cheaper radiation source in the application of millimetre-wave cloud radar 
systems motivates us to research on the millimetre-wave magnetrons. 
1.2.2 THz applications 
The terahertz (THz) frequency range spans from 100 GHz to 10 THz in the 
electromagnetic spectrum. It lies in between the microwave band and the infrared 
region, as shown in. Although the scientists’ attention had been paid to the THz 
radiation from at least 1920s, this part of electromagnetic spectrum has been poorly 
explored until recent years due to the lack of high power THz source and reliable 
detectors [32]. 
 
Figure 1.7 Schematic of the electromagnetic spectrum showing the location of THz band [32]. 
THz radiation has some unique properties. (1) It can penetrate a wide variety of 
visually opaque and non-conducting materials such as ceramics, clothing, wood and 
plastic. The penetration is non-ionizing since the photon energy level of 1 THz is 
about 4.14 meV which is much less than the energy of X-rays. (2) The short 
wavelength of THz wave has higher spatial resolution and signal-to-noise ratio than 
the microwave. (3) Many materials including explosives, chemical and biological 
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agents have characteristic THz spectra that can be used as fingerprints for identifying 
these concealed materials. (4) It is readily absorbed by water. 
Due to these unique properties, THz technology has a wide variety current and 
potential applications in high data rate communications [33], concealed weapon or 
threat detection [34, 35], remote high resolution imaging [36], materials research [37], 
astronomy [38], plasma fusion diagnostics [39], chemical and biology sciences[40]. 
In the past decades, the numerous THz sources have been developed. Most of them 
can be classified into three groups as Photonic devices, solid-state devices and 
vacuum devices. As for the low-frequency part of the THz region up to 1 THz, VEDs 
can be considered as high power THz sources for practical applications. So far, BWOs, 
EIKs, TWTs and Gyrotrons have been developed operating above 200 GHz [13]. 
However, most of these tubes require high magnetic field or complex structures which 
limits their developments for the practical applications. Magnetron which is the first 
proposed device in the VED families seems to be forgotten in this high frequency 
region. 
1.3 Research Motivation 
1.3.1 Limitations of conventional magnetron 
The requirement of high power, low cost, and compact millimetre-wave and THz 
oscillators motivates us to explore the magnetron for high frequency operation. 
However, since the 1950s, it has become clear that conventional magnetrons do not 
operate effectively above Ka-band due to some inherent limitations [41]. The first one 
is the need to increase the number of the anode resonators to generate higher 
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frequencies. However, large number of resonators will reduce the mode separation of 
the π mode. Metal straps connecting the alternate resonators are usually used to 
improve the mode separation as shown in Figure 1.8. But, as we know, the 
dimensions of the magnetron cavity scale as the wavelength λ. In millimetre wave and 
THz band, the anode cavity diameter is usually several millimetres. The strapped 
cavity is too small to be fabricated and assembled. 
 
Figure 1.8 Wire strapping anode of an S band cavity magnetron [42]. 
The second limitation is the necessity of the high voltage and the high magnetic field. 
The required dc magnetic field and high voltage grow as 1/ λ. If the required magnetic 
field is higher than 2 T, it is hard to be realised by the permanent magnet. Also, these 
tubes require relatively high values of the anode voltage (>20 kV) which complicates 
the development of the compact power supplies and transmitters. 
In conventional magnetrons, to obtain a large value of emission current, it is necessary 
to increase the cathode temperature. However, the cathode suffers intense electron 
back bombardment, which could overheat the cathode and the emission current is 
unstable. In addition, the intense electron back bombardment will deteriorate the 
Chapter 1 Introduction  
12 
 
status of the cathode surface. An intensive sublimation of the cathode naturally leads 
to spoiling the magnetron's resonant system and the contamination of the vacuum 
condition. The short life time is a serious problem of the conventional magnetron for 
the practical applications. 
Therefore, in order to develop a millimetre-wave and THz magnetron, it needs to 
simplify the magnetron anode structure, reduce the required voltage and magnetic 
field, and extend the magnetron lifetime. 
1.3.2 Spatial harmonic magnetron with cold secondary emission 
cathode 
Spatial harmonic magnetrons (SHMs) with secondary emission cathode can be 
considered as the most successful alternative to conventional magnetrons. Different 
from conventional fundamental π mode magnetron, the SHM utilizes the first order 
backward spatial harmonic of a non- π  mode (usually the π/2 -mode or a 
neighbouring one) for its operation.  
Figure 1.9 presents a dispersion diagram of a 16-vane magnetron cavity as studied in 
Chapter 3. It shows that π/2 mode has better mode separation than π mode which 
allows SHM has good mode separation even without any mode separation straps. The 
fabrication of this unstrapped anode becomes much easier. 
According to the magnetron electron-wave synchronism theory, electrons require 
lower voltage to synchronize with high order spatial harmonic than the fundamental 
harmonic. At the same time, high order spatial harmonic locates closer to the anode 
surface, which means that the value of the operating voltage should be close to the cut 
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off voltage. Thus, the operating point is close to both of the resonant voltage and cut 
off voltage, which reduces the required voltage and magnetic field. 
 
Figure 1.9 Dispersion diagrams of a 16-vane spatial harmonic magnetron (bare anode and anode 
cavity). 
 
Figure 1.10 Schematics of the spatial harmonic magnetron [43]. 
1, anode; 2, cold secondary emission cathode; 3, axillary thermionic cathode. 
 
 
































Figure 1.11 Electron injection from the auxiliary cathode to the interaction space [29]. 
Benefit from these advantages, the first millimetre wave spatial harmonic magnetron 
was developed in 1975 [44]. However due to L type oxide cathode was used, the life 
time was less than 50 hours. In order to improve lifetime, a cold cathode with electron 
secondary emission is introduced in the spatial harmonic magnetron [43]. As shown in 
Figure 1.10, there are two cathodes in the SHM: (1) a cold secondary emission 
cathode made from a copper core coated by platinum foil placed in the centre of the 
interaction space. (2) The other is an axillary thermionic cathode (also named side 
cathode) placed outside of the interaction space.  
A very small amount of current, usually hundreds of mA, is emitted from the side 
cathode and injected into the interaction space during the anode voltage rising up 
period. These injected electrons accumulate surround the cold cathode and expand 
toward the anode with anode voltage increasing as illustrated in Figure 1.11. When 
the value of the anode voltage reaches the operating point, the electrons near the 
anode surface acquire sufficient velocity to interact with the RF field which cause an 
intense current strike back onto the cold cathode. Usually, more than 100 A/cm2 
secondary emission current could be initialized from the cold cathode. 
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As the heat source is outside of the interaction space and there is no electrical or heat 
contacts with the cold cathode, the cold cathode runs relatively cool without any 
significant thermionic emission. The cold cathode is very robust even under intense 
electron bombardment. Therefore, the lift time of the SHM can be extended to 
thousands of hours by using cold secondary emission cathode.  
1.4 Objectives 
Although some of the Ka-band SHMs have already been used in practical could radar 
system, for a long time, the development and modifications of the SHM have been 
based on empirical rules accumulated from a large volume of experimental data. At 
present, a demand has arisen for a numerical analysis of such magnetrons that will 
allow studying in depth the physics of their operation with the aim of a further 
enhancement of their performance. 
As introduced above, SHM is essentially different from the conventional magnetron 
in terms of structures and operating principles. In conventional magnetron, the space 
charges come from the primary electrons of the thermionic cathode, thus electron 
secondary emission is not considered in the numerical study of the magnetron 
operation. While in the SHMs, secondary electrons are the main contribution to the 
space charge. Electron secondary emission plays an important role in the operation of 
the SHMs. Therefore, the investigation of the electron back bombarding, electron 
secondary emission, electron-wave interaction, and space charge distribution in the 
SHMs are the essential tasks of this thesis. 
In practice, to reduce the cost, the cold cathode is made of platinum coated on a 
copper core. It complicates the cathode fabrication in the millimetre-wave and THz 
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band. According to the study of the magnetron performances with various electron 
secondary emission coefficients, it may open a way for the using of inexpensive pure 
metals for the cathode production with low cost and complexity. 
Conventional magnetrons do not suffer strong mode competition since the 
fundamental π mode has the largest amplitude and the straps increases the mode 
separation. Thus, in the study of the conventional magnetrons, just fundamental π 
mode is considered and other modes can be neglected. However, the SHMs suffer 
strong mode competition since the amplitudes of the spatial harmonics are weaker 
than the fundamental ones and there is no additional mode separation strap. Thus, all 
of the modes should be included in the study of the SHMs. One of the objectives of 
this thesis is to investigate the mode competition and mode jumping of the SHMs. 
According to the scale law, the cavity dimensions are much smaller in the high 
frequency region, taking a 209 GHz SHM for example (presented in Chapter 5), the 
anode diameter is 2.6 mm; the cathode diameter is 1.55 mm; the vane thickness is 
0.07 mm. Therefore, the effect of the fabrication tolerance needs to be investigated in 
this thesis based on the simulation and measurement. Another objective is to build a 
simulation model of a SHM above 300 GHz for the development of a THz magnetron. 
The particle simulation of the SHM is much complicated and time consuming than the 
conventional magnetron due to two cathodes and electron secondary emission. This 
thesis will develop an appropriate modelling method with sufficient accuracy and 
acceptable simulation efficiency to investigate 35 GHz, 95 GHz, 209 GHz, and 300 
GHz SHMs. 
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1.5 Thesis Organization 
The remaining part of this thesis is organized as follows: 
Chapter 2 gives an introduction to the development and the operation principle of both 
conventional magnetron and spatial harmonic magnetron. Detailed discussions have 
been presented on the anode modes, spatial harmonic, thermionic cathode and cold 
secondary emission cathode, electron-wave interaction, and relationship between the 
anode voltage and the magnetic field.  
Chapter 3 presents extensive simulation work on a Ka-band π/2-1 mode SHM. The 
electron dynamics and the distribution of the back bombardment currents have been 
studied. To speed up the simulation, a simplified modelling method is developed. The 
mode competition and the effect of the electron secondary emission coefficients are 
discussed. The mode jumping has been observed in the study of a Ka-band π/2 mode 
SHM. 
Chapter 4 presents the investigation of a 95 GHz SHM based on the particle 
simulation and experimental measurement. The magnetron power supply has been 
introduced and a magnetron transmitter has been developed for the application of 
W-band cloud radar. 
Chapter 5 investigates a 209 GHz SHM and primary emission domination state and 
secondary emission domination state have been discussed. An anode cavity has been 
fabricated and measured to investigate the effect of the fabrication tolerance on the 
performance of THz magnetron. A model of a SHM above 300 GHz has been built to 
further increase the magnetron frequency. 
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Chapter 2 Operating Principle of 
Magnetrons 
In this chapter, the operating principle of conventional magnetron and the SHM will 
be introduced. The operation principle of SHMs is essentially different from 
conventional magnetrons in terms of operating mode, anode structure and cathode. 
These differences allow SHM have larger anode dimensions, lower operating fields, 
and long life time. 
2.1 Early Magnetrons 
A review of the early magnetron development will be given here to show the 
significant steps that have led to the present high efficient magnetrons. The first 
magnetron was mentioned by Hull in 1921 [45]. These early magnetrons used anode 
that were cylindrical in shape (Figure 2.1 (a)). In 1929 Okabe developed the split 
anode magnetron, in which the anode was divided into two halves. But the output 
power and efficiency are very low [2]. In 1935 Posthumous deduced theoretically that 
in magnetrons with multi-segment anodes and large magnetic field, RF power should 
be generated with high efficiency. He then demonstrated an efficiency of about 50% 
in a magnetron operating at 600 MHz (Figure 2.1 (b)) [46, 47]. In 1938, a magnetron 
with a copper anode and hole-and-slot resonators had been built by Alekseroff and 
Malearoff. A tungsten helix cathode was used and the generated power was about 
100W CW at a wavelength of 10cm [48]. In 1940 Randall and Boot at the University 
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of Birmingham (UK) built a magnetron with an anode containing resonant cavities, 
and they called this device the cavity magnetron (Figure 2.1 (c)) [49]. 
                  
(a)                   (b)                    (c) 
Figure 2.1 Early types of magnetrons (a) cylindrical diode (b) multi-segment anode magnetron (c) 
hole-and-slot resonator magnetron [50]. 
   
Figure 2.2 Early British cavity magnetron (NT98) [1]. 
These cavities generate an RF wave that travels at a phase velocity much less than the 
speed of light in order to allow for good synchronization with the electrons. This type 
of anode structure is called a slow wave circuit. In early 1940, an experimental radar 
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system based on a pulsed 10-cm cavity magnetron was in operation, and by late 1940 
a submarine periscope was able to be detected within a range of seven miles [1]. The 
early British pulsed cavity magnetron is shown in Figure 2.2. Since then, many 
microwave devices have been developed for the generation and amplification of 
microwave radiation. Magnetrons are used today in numerous applications such as 
radar, electron accelerator, electronic warfare, and microwave ovens [51]. 
2.2 Electron Motion 
The electron trajectory and electron-wave interaction inside a magnetron have a very 
complicated mechanism. In this section a simplified planar diode and cylindrical 
diode will be discussed in the first to explain the basic kinetic motion of electron in a 
planar diode and cylindrical diode under the crossed electric and magnetic fields. On 
this basis the operation of magnetron will then be discussed in the following sections. 
2.2.1 Electron motion in a planar diode 
Figure 2.3 shows a schematic of a simplified planar diode consisting of two infinite 
large plane electrodes with potential difference of 𝑉𝑑𝑐. The distance between the two 




direction of a uniform magnetic field 𝐵 is normal to the electric field and parallel to 
the two electrodes. 
 




Figure 2.3 Electron trajectory in a planar crossed field diode [42]. 
An electron emitted from the cathode moves under the influence of electric force 𝐹 𝑒 
and magnetic force 𝐹 𝑚between the anode and the cathode. 
 𝐹 𝑒 = 𝑒 ∙ ?⃗?   2.1 





= 𝑒(?⃗? + 𝑣 × ?⃗? ) 
2.3 
In the Cartesian coordinate system, the electron motion equations can be rewritten as 
below: 
 

















Considering a simple condition that the electron starts with zero velocity (𝑣0𝑥 =
0, 𝑣0𝑦 = 0) from the cathode, it can be seen in Figure 2.3 that the electron travels like 
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Within one period 𝑇 = 2𝜋/𝜔𝑐, the electron will complete a revolution and go back to 





The maximum distance an electron travel in x direction within one cyclotron period T 
is 




The electron motion can be approximately represented by superposing a slow drift 
motion along the cathode with the average drift velocity 𝐸/𝐵 and a cyclotron motion 
with the cyclotron angular frequency 𝜔𝑐. 





When the initial velocity of the electron is non-zero, the electron trajectory is quite 
different. Figure 2.4 shows the electron trajectories with different initial velocity 
components 𝑣𝑥 and 𝑣𝑦, when B=0.4 T, 𝑈𝑎=5.7 kV, d=0.92 mm. In this diagram, 
electrons leave the cathode surface with zero velocity (curve 1), velocity normal to the 
cathode surface 𝑣𝑥 = 0, 𝑣𝑦 = 𝐸/2𝐵 (curve 3), and velocity at 45
o to the normal 
(curve 2). 
When the RF field is applied, the electrons will be either accelerated or decelerated. 
As shown in Figure 2.5, when an electron is accelerated by the RF field, the rolling 
circle of the cycloid path will increase; it will be deflected by the magnetic field 
sharply and strike back to the cathode quickly as demonstrated by cure “1”. This kind 
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of magnetron will absorb energy from the RF field. When an electron is decelerated 
by the RF field, an electron will move horizontally with drifting velocity E/B as 
demonstrated by curve “2”. This kind of electrons will give energy to the RF field. 
 
Figure 2.4 Electron trajectories with different initial velocities in a planar diode [42]. Curve 1: 
𝐯𝐱 = 𝐯𝐲 = 𝟎; Curve 2: 𝐯𝐱 = 𝐯𝐲 = 𝐄/𝟐𝐁; Curve 3: 𝐯𝐱 = 𝟎, 𝐯𝐲 = 𝐄/𝟐𝐁. 
 
Figure 2.5 Electron trajectory in a planar crossed field diode [42]. 
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2.2.2 Electron motion in a cylindrical diode 
All the real magnetrons consist of coaxial cylindrical electrodes. Based on the above 
planar diode, a cylindrical diode with cathode radius 𝑟𝑐 and anode radius 𝑟𝑎 will be 
discussed here. 
 
Figure 2.6 Electron motion in crossed field cylindrical diode. 




























Considering that the electron leaves the cathode surface with zero initial velocity, the 
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Figure 2.6 shows the electron trajectories in a cylindrical diode with zero initial 
velocity. It is an epitrochoid curve. When electron just grazes the anode (the radial 
velocity vr = 0), the electron velocity near the anode is 






Figure 2.7 Hull cut off parabola of a static diode. 
Substitute equation 2.13 to equation 2.12, the electron velocity at the anode is 





  2.14 
According to the energy conservation, when the electron reaches the anode, its kinetic 




2 = 𝑒𝑈𝑎         2.15 
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Equation 2.16 is often called the Hull cut-off voltage equation [5]. When Ua > Uc, 
the electron strikes on the anode directly. When the anode voltage is below the cut off 
voltage, the electron trajectory is approximately in a form of epitrochoid which could 
be represented by superposing a slow guiding centre rotation around the cathode at 
nearly constant radius R (drift motion), and a faster rotating around the guiding centre 
with a smaller radius 𝑟0 (cyclotron motion). Figure 2.8 shows electron trajectories in 
a cylindrical diode with ra=2.25 mm and  rc=1.38 mm under 0.5875T magnetic field 
which are the operating parameters and dimension used for the Ka-band magnetron as 
presented in Chapter 3. The calculated cut off voltage is 16.8 kV.  
      
(a) 𝐔𝐚=18 kV (𝐔𝐚 > 𝐔𝐜)  (b) 𝐔𝐚=16.8 kV (𝐔𝐚 = 𝐔𝐜)  (c) 𝐔𝐚=12.8 kV (𝐔𝐚 < 𝐔𝐜) 
Figure 2.8 Electron trajectories in a static cylindrical diode ( 𝐫𝐚=2.25 mm,  𝐫𝐜=1.38 mm, B=0.5875 
T) when the anode voltage is (a) above cutoff voltage (b) at cutoff voltage (c) below cut off voltage. 
2.3 Oscillation Modes 
In this section, the circuit theory is used to explain the range of possible RF 
oscillations. In a resonant cavity magnetron, individual cavities can be modelled as 
resonant circuits. An equivalent oscillating circuit of an eight-cavity magnetron is 
shown in Figure 2.9. ‘L’ and ‘C’ are inductance and capacitance representing a single 
side resonator. ‘c’ is the capacitance between the anode segments and the cathode. 
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The lines of magnetic flux in one individual cavity coupled to another cavity in the 
end spaces is represented by ‘M’ in the equivalent circuit. 






Figure 2.9 Equivalent circuit of an eight-cavity magnetron [50]. 
As the eight cavities are symmetrically distributed, the phase differences between 
adjacent side resonator are the same (labelled as ∅). In each side resonator, the 
oscillating voltage between the anode vanes can be described by 
 𝑉1 = 𝑉𝑚 𝑠𝑖𝑛(𝜔0 𝑡) 2.18 
 𝑉2 = 𝑉𝑚 𝑠𝑖𝑛(𝜔0 𝑡 − ∅)  2.19 
 𝑉3 = 𝑉𝑚 𝑠𝑖𝑛(𝜔0 𝑡 − 2∅) 2.20 
 …  
 𝑉8 = 𝑉𝑚 𝑠𝑖𝑛(𝜔0𝑡 − 7∅)  2.21 
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 𝑉9 = 𝑉𝑚 𝑠𝑖𝑛(𝜔0𝑡 − 8∅) 2.22 
where Vm is the amplitude of the RF voltage. 
Since magnetron anode is a closed circuit, when the system is oscillating, 𝑉9 should 
be equal to 𝑉1. This leads to 8∅ = 2πn, (n=0,1,2,…). In general, the number of the 
side resonator is N, the phase condition for oscillations to exist is given by 






Where 𝑛 is an integer from 0 to N-1. 
From Equation 2.24, it is obvious that there are several different modes that can 
satisfy the same phase condition for the oscillations to exist. Modes n = N/2 + q and  
n = N/2 − q (q = 1, · · · N/2) are pairs of degenerate modes. These modes are also 
called ‘doublets’. For a perfect symmetrical anode, the two components of a doublet 
would have the same wavelength. Thus, the total possible modes in a N-vane anode 
are from n=0 to N=N/2. When n=N/2, ∅ = π, its corresponding doublet is the n=0 
mode; this means zero charge on the anode segments, and the mode does not exist. 
Thus, for an eight-cavity magnetron (N=8), the possible modes are n=1, 2, 3, 4, where 
‘n=4’ corresponds to the π mode. The charge and electric field distributions of these 
four possible modes are illustrated in Figure 2.10. 
If ω is the resonant frequency of mode n, the time needed for traveling wave to travel 
around the anode for one round would be ‘nT’, where T = 2π/ω ; therefore its rotating 
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So, the rotating phase velocity around the anode is slowed down by a factor ‘n’, which 
makes it possible for the electron to rotate in synchronism with the RF field. 
(a) n=1    (b) n=2 
   (c) n=3   (d) n=4 
Figure 2.10 Field and charge distributions for different modes of an eight-cavity magnetron [50]. 
2.4 Increase of the Anode Diameter in SHMs 
In this section, using the equivalent circuit approach, it will be shown that the anode 
diameter of a SHM is at least about 1.6 times larger than that of a π-mode magnetron 
which is of great importance at millimetre wave frequencies. 
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The equivalent circuit representation of a magnetron without straps is shown in Figure 
2.11. In this network, the simple parallel resonant circuit represents the side resonators 
Figure 2.11 (a); the interaction space is also represented by a network which taken 
into account the capacitance “c” between the anode segments and the cathode.  
 
            (a)               (b)           (c) 
Figure 2.11 Equivalent network of (a) the side resonator and (b) the interaction space (c) a single 
section of the equivalent network of the interaction space. 
Considering Figure 2.11 (c), the admittance looking from the qth resonator into the 














 𝑣𝑞 = 𝑉𝐴𝐵 − 𝑉𝐶𝐷 2.29 
and thus 







2𝑖𝑞 − (𝑖𝑞−1 + 𝑖𝑞+1)
𝑗𝜔𝑐
 2.30 
From the assumption that corresponding currents in adjacent sections differ only by a 
constant phase factor ∅, it follows that 
 𝑖𝑞−1 = 𝑖𝑞𝑒
−𝑗∅, 𝑖𝑞+1 = 𝑖𝑞𝑒
𝑗∅ 2.31 
 𝑣𝑞 = 𝑖𝑞
2 − (𝑒−𝑗∅ + 𝑒𝑗∅)
𝑗𝜔𝑐
 2.32 
Since each section must be in phase with itself, ejN∅ must be equal to 1 and therefore 
∅ = 2π/N , where n = 1,2, … , N/2  for the important magnetron modes. Using 


























































where h, ε0, ra and rc are the anode length, permittivity of vacuum, and the anode 
and cathode radius, respectively. 
From Equation 2.35-2.38, the resonant frequencies of the π-mode (n=N/2) and 

















Considering similar resonant frequencies f and similar side resonators (identical C 










Where 𝑟𝑎−𝑐𝑙𝑎𝑠𝑠𝑖𝑐𝑎𝑙 and 𝑟𝑐−𝑐𝑙𝑎𝑠𝑠𝑖𝑐𝑎𝑙 are the anode and cathode radius of the classical 
magnetron, and ra−SHM and rc−SHM are the anode and cathode radius of the SHM. 
If assumes that rc−classical = rc−SHM then 










For classical magnetron, 𝑟𝑎−𝑐𝑙𝑎𝑠𝑠𝑖𝑐𝑎𝑙/𝑟𝑐−𝑐𝑙𝑎𝑠𝑠𝑖𝑐𝑎𝑙  is usually about 1.6 [50] and it 
should be mentioned that usually 𝑟𝑐−𝑆𝐻𝑀 > 𝑟𝑎−𝑐𝑙𝑎𝑠𝑠𝑖𝑐𝑎𝑙  [52]. Thus, the anode 
diameter of a π/2 mode magnetron can be up to 2 times larger than that of a 
π-mode magnetron. 
2.5 Spatial Harmonic 
Using Floquet theory, the RF field in periodical slow wave transmission line can be 
decomposed into infinite numbers of space harmonics by Fourier Transformation. It is 
similar with periodical signal which could be decomposed into infinite number of 




 and the m-th order spatial harmonic φn,m is [53] 
 𝜑𝑛,𝑚 = 𝜑𝑛 + 𝑚2𝜋    ( |𝜑𝑛| ≤ 𝜋     𝑚 = 0,±1,±2,±3,… ) 2.43 
Thus, the phase change of m-th order spatial harmonic along the anode surface is 
 𝑁𝜑𝑛,𝑚 = 𝑁(𝜑𝑛 + 𝑚2𝜋) = 𝑘2𝜋    (𝑘 = 𝑛 + 𝑚𝑁) 2.44 
Space harmonics with m=-1, m=0, and m=1 are called the first backward harmonic, 
the fundamental harmonic, and the first forward harmonic, respectively. The angular 
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In conventional magnetron, the rotating space charge synchronizes with the 
fundamental harmonic (m=0) while the synchronous harmonic in SHM is the first 
backward harmonic (m=-1). Comparing Equation 2.25 with Equation 2.45, at a given 
mode, the phase velocities of the space harmonics are much slower than that of the 
fundamental ones, ωn,m < ωn. Thus, the electrons require relatively lower magnetic 
field to be in synchronism with the spatial harmonic. 
2.6 Hartree and Hull Voltages 
When the magnetron is below the cut off voltage, the space charge is formed between 
the cathode and the anode. The synchronism condition requires that the electrons 
should rotate synchronously with the RF field at the anode surface, so that 
 𝜔𝑒 = 𝜔𝑛,𝑚 2.46 
ωe is the electron angular frequency. 
Applying this synchronous condition to the electron motion Equation 2.10 and 2.11 in a 
cylindrical coordinate system, the threshold voltage for RF oscillation to start in a 

















This expression is also called the Hartree voltage, after Hartree who developed the 
theory. Rigorous solutions of this problem can be found in [2, 3]. The Hull cut off 
voltage in Equation 2.16 combined with Hartree threshold voltage in Equation 2.47 
determines the operation zones of a magnetron. The magnetron operating region is 
above the Hartree line and below the cut off parabola. Typically, the operating point is 
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quite close to the Hartree line in order to avoid spurious oscillations in higher voltage 
modes. 
Figure 2.12 plots the Hull cut off voltage and Hartree threshold voltages for various 𝑘 
values in a 16-vane Ka-band magnetron as discussed in Chapter 3. For fundamental π 
mode, -1th spatial harmonic of π/2+1 mode, -1the spatial harmonic of π/2 mode, and 
-1th spatial harmonic of π/2-1 mode, values of k are 8, 11, 12, and 13 respectively. It 
indicates that SHMs operating on -1th spatial harmonic with large 𝑘 value require 
lower threshold voltage. Therefore, spatial harmonic magnetron is a kind of low field 
magnetron. 
 
Figure 2.12 Hull cutoff voltage and Hatree threshold voltages for various k values in a 16-vane 
Ka-band SHM. 
2.7 Electron Bunching and Back Bombardment 
The electrons at different positions relative to the RF field have difference trajectories. 
The electron-wave interaction results in the formation of electron bunching. Figure 
2.13 illustrates four typical initial positions of electrons emitted from the cathode 
which are labelled as “1” “2” “3” “4”.  


























Hartree resonant line k=8
Hartree resonant line k=11
Hartree resonant line k=12
Hartree resonant line k=13
Operation point
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Electron “1” is speeded up in the accelerating RF field, so the curvature of its trajectory 
will be increased. Under the combination effects of static electric field and magnetic 
field, electron “1” will strike back to the cathode quickly and thus be removed from the 
interaction region. This electron does not contribute energy to the RF field. On the 
contrary, it will consume a small amount of RF energy.  
Electron ‘3’ is in the decelerating RF field. Its angular velocity is reduced, resulting in 
the reduction of its curvature. Such electrons move towards the anode. If the frequency 
of the RF field is appropriate, this electron will always be in the decelerating RF field 
when it passes through the successive anode segments. This electron will keep giving 
out energy to the RF field until it finally strikes the anode.  
 
Figure 2.13 Electron trajectories in the RF field [6]. 
 
Figure 2.14 space charge focusing in oscillating magnetron. 
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Electrons ‘2’ and ‘4’ exchange little energy with the RF field. The effect of the RF field 
is to tune the velocity of their guiding centres. For electron ‘2’, this velocity is increased, 
thus its guiding centre will catch up that of electron ‘3’; but for electron ‘4’, its guiding 
centre velocity is reduced, thus it will fall back towards electron ‘3’. The final result is 
that electron ‘2’ and ‘4’ move into the decelerating region, and bunch together with 
electron ‘3’.  
Electrons giving up energy to the RF field are called favourable electrons. Electrons 
absorbing energy from the RF field are called unfavourable electrons. The favourable 
electrons, which are in the majority, tend to bunch and move towards the anode while 
rotating around the cathode. When the oscillations are stabilized, the electron cloud is 
shaped into several spokes rotating around the cathode and continuously gives out 
energy to the RF field. It can be shown in Figure 2.14 that the number of the electron 
spokes is equal to the number of complete periods of the synchronous harmonic, i.e. k. 
Considering Equation 2.44 𝑘 is equal to 4 (m=0 and n =4) for a conventional 8-cavity 
magnetron.  
The unfavourable electrons tend to be removed from the interaction region rather 
quickly and back bombard to the cathode with a considerable high energy. 
Consequently, secondary electrons are ejected from the cathode into the interaction 
space. By such repeated interactions of electrons with the cathode surface, it has been 
possible, in some cases, to obtain many times more total anode current from a cathode 
than could be supplied by the primary thermionic emission alone.  
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2.8 Thermionic Cathode and Cold Secondary Emission 
Cathode 
The conventional magnetrons employ a thermionic cathode, while the SHMs employ a 
cold secondary emission cathode which is initialized by an auxiliary thermionic 
cathode. For thermionic cathode, the work function and temperature are critical 
parameters in determining the ability of the current emission. When the cathode is 
heated, some electrons have sufficient energy to overcome the potential barrier (work 
function) and escape out of the cathode surface. 
The work function is the summation of energy inhibiting the escape of an electron from 
the cathode surface, which is due to the positive charge of the lattice attracting the 
electrons to the material. The typical units for work function are in electron-volts (eV). 
Therefore, to increase the electron emission rate, the materials with lower work 
function and high melting temperature are commonly used, such as barium, tungsten 
and nickel, as listed in Table 2-1 [47]. 
Table 2-1 Room temperature work function for various metals [47] 
Metal Work function (eV) Melting temperature (
o
C) 
Copper 4.3 1083 
Tungsten 4.6 3370 
Gold 4.8 1063 
Platinum 6.3 1773 
Nickel 5 1445 
Barium 1.8 720 
Tantalum 4.1 2850 
Strontium 2.0 800 
Molybdenum 4.2 2620 
In fact, the space charge and external DC electric field also have strong influence to the 
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cathode emission ability, as they could affect the potential on the cathode surface. The 
potential reduction due to the negative space charge can be appreciable. As the electron 
emission rate is increased (by increasing temperature, for example), the potential on the 
cathode is further decreased. At a certain moment when a sufficient number of electrons 
are present, an equilibrium condition occurs when the potential adjacent to the cathode 
surface is zero. Then the cathode temperature and surface condition have no effect on 
emission. This emission is said to be space charge limited. 
 
Figure 2.15 The relationship of anode voltage and emission current of the thermal cathode. 
This is a very fortunate situation because it eliminates the necessity for extreme 
uniformity of temperature across the surface of a cathode. Thus, it eliminates the 
precise control to the heater of the cathode. When the anode voltage is increased with a 
space charge limited cathode, the potential at all points between the anode and cathode 
tend to increase. As a result, additional electrons flow from the cathode to cause the 
electric field at the cathode surface to remain at zero. When the voltage is increased to a 
high enough value so that the cathode cannot supply sufficient current to maintain the 
space charge limited condition, the cathode is said to be temperature limited as shown 





 V/m, electron emission increases rapidly almost independents of cathode 
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temperature. This kind of emission type is named field emission which is not used 
commonly in magnetron. The primary reason is that to achieve the high electric field 
levels necessary for substantial emission, it has been necessary to fabricate the cathodes 
from array of very small needle-shaped emitters. The needle shape is used to enhance 
the electron emission so that emission occurs at the tip of each emitter. 
Thermionic oxide cathodes are usually prepared by coating a base-metal structure 
(nickel or nickel alloys) with a definite weight of alkaline earth oxides (Barium 
Carbonate (BaCO3), Strontium Carbonate (SrCO3) and Barium Strontium Carbonate 
BaSr(CO3)2). These oxide cathodes have a short lifetime which is insufficient for 
practical applications due to the intense current density occurring in millimetre-wave 
magnetrons and the low coating resistance to the high-energy back-bombarded 
electrons. 
 
Figure 2.16 Schematic of electron secondary emission. 
In order to improve the life time, cold secondary emission cathode is used in the SHMs. 
In the secondary process as shown in Figure 2.16, when a primary electron strikes a 
solid, it gives up energy by repelling electrons within the solid. The electrons within the 
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solid thereby gain energy and may or may not be emitted, depending on how much 
energy they receive, how close they are to the surface, and direction of their motion. 
The amount of secondary emission depends on the secondary emission coefficient δ 
and on the impact energy 𝑉𝑏 and angle of incidence 𝜃 of the primary electrons as 
shown in Figure 2.17. 
 
Figure 2.17 Typical curve of secondary emission coefficient versus incident electron energy 
(normal incidence 𝛉 = 𝟎). 
Table 2-2 Secondary emission properties of several pure metals [54] 
Metal δ𝑚𝑎𝑥 V𝑏𝑖 (eV) V𝑏𝑚 (eV)    Melting (℃) Room temperature 
work function (eV) 
Molybdenum 1.2-1.3 150 400 2620 4.2 
Tungsten 1.2-1.4 200-300 500-700 3370 4.6 
Copper 1.2-1.3 100-200 300-500 1083 4.3 
Gold 1.2-1.4 200 400-1100 1063 4.8 
Sliver 1.5 200 800 960 4.6 
Nickel 1.3-1.4 200 500 1455 5 
Platinum 1.7-1.8 200 900 1773 6.3 
Under the conditions of good vacuum and arcing free operation, the secondary 
emission properties of the pure metal is very stable [6]. Table 2-2 lists the secondary 
emission coefficient for several common metals. It can be seen that platinum has 
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relatively high secondary emission coefficient.  
The description of platinum secondary emission process is complicated by the lack of 
an adequate mathematical model. Usually, experimental data is used to establish 
relations between primary and secondary electrons. To obtain the properties of 
platinum secondary emission, the following assumptions are applied in accordance 
with [55] and [56]. The platinum secondary electrons can be divided into two groups 
[55]: true secondary-emission electrons driven out of the platinum cathode, and 
primary electrons inelastically reflected from the cathode surface. Both the true 
secondary emission coefficient δt and the inelastic reflection coefficient δη depend on 
the incident energy 𝐸0 and the incident angle 𝜃 of the primary electron. 
During the starting stage of the oscillation, the incident electrons are near the cusps of 
the cycloidal loops, which are approximately normal to the cathode and there is no 
appreciable effect of the incidence angle [56]. The secondary emission coefficient 




 √5E0,                             E0 < 0.3keV
1.39-0.8(0.8-E0)
2,      0.3keV ≤ E0 ≤ 1keV
1.57e-0.14E0,              E0 ≥ 1keV
 
2.48 
 𝛿𝑟(𝐸0) = 0.47(1 − 𝑒
−2.3𝐸0) 2.49 
The comparison between the approximated Equation 2.48, 2.49 and the measured 
results is given in Figure 2.18 and Figure 2.19 [57]. The good agreement could verify 
that equation 2.48 and 2.49 are accurate enough to mimic the platinum secondary 
emission properties. 




Figure 2.18 Comparison of platinum truly secondary emission coefficient 𝛅𝐭  between 
experimental data (dotted line) and the Equation 2.48 [57]. 
 
Figure 2.19 Comparison of platinum inelastic reflection coefficient 𝛅𝐫 between experimental data 
(dotted line) and Equation 2.49 (solid line) [57]. 
2.9 Frequency Stability and Mode Separation 
2.9.1 Strapped anode and rising sun anode 
The π mode is always selected as the operating mode in a magnetron. Unfortunately, the 
mode separation between π and other modes is not as great as would be desired if the 
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anode cavity is without any additional mode separation approaches as shown in Figure 
2.20 (a). It may cause the oscillation unstable or even fail to start. In order to improve 
the mode stability, strapped (Figure 2.20 (b)) anode and rising sun anode (Figure 2.20 
(c)) are commonly used. 
In strapped anode as shown in Figure 1.8 and  Figure 2.21, alternate anode segments 
are connected together to help to make the phase difference between them to be zero or 
2 π, thus enforcing the anode to work in the π mode. According to the circuit theory, 
strapping affects the capacitance and inductance of the equivalent circuit, which 
determines the resonating frequency of the anode system. When operating in π mode, 
all the segments connected to one set of straps are at the same potential. There will be 
no current flowing along the straps. But since the two sets of straps are at different 
potentials, there will be effective capacitance in parallel with the resonator capacitance, 
which increases the wavelength. When operating in non- π modes the two ends of a 
strap are at different potentials. There will be net current flowing along the straps. The 
magnitude the current depends on the potential difference between the ends. The straps 
therefore act as inductive path, connected in parallel with the effective resonator 
inductance, the wavelength is therefore reduced. The effect of strapping is therefore 
that the frequencies of the non-π modes are increased and that of the π mode is 
decreased. So, by tuning the strapping system, the π mode and non-π modes can be 
separated appreciably as shown in Figure 2.20(b). However, in millimetre-wave and 
THz band the small strapped anode is very difficult to be constructed and also prone to 
arcing.  




Figure 2.20 Mode separation of 18-cavity anode cavities operating on 𝛑 mode (n=9). (a) Bare 
anode ; (b) strapped anode; (c) rising sun anode [50]. 
   
Figure 2.21 Alternate anode segments at same potential for 𝝅 mode strap [42]. 
The rising sun can be considered as having two resonating systems, one consisting of 
small cavities with high frequencies and the other of large cavities with low frequencies. 
Naturally coupling exists between the two resonant systems. The resonant frequency of 
a rising sun anode is between those of the small and large cavities. By adjusting the 
ratio of the frequencies of the small and large cavities, the optimum frequency 
separation between π mode and other modes can be obtained (Figure 2.20 (c)). 
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2.9.2 Increase of the mode separation by non-𝛑 mode operation in 
SHMs 
SHMs are operated on non-π mode (usually π/2 mode or π/2-1 mode) rather than π 
mode. The non-π mode operation enable SHMs have a naturally good mode separation 
constructed without any additional mode separation approaches. The simple anode 
structure is possible to be realized in millimetre and THz band. Figure 1.9 shows a 
dispersion diagram of a 16-vane unstrapped anode cavity of a Ka-band SHM which will 
be discussed in Chapter 3. The π/2-1 mode (point b) has much better mode separation 
than π mode (point a). From the cold simulation results in Chapter 3, the mode 
separation of  π 2 − 1⁄  mode is 8.3%, which is around 22 times higher than that of π 
mode (0.36%). 
2.10 Summary 
This chapter introduces the operation principles of the conventional magnetron and 
the spatial harmonic magnetron. As introduced above, the operating mode, operating 
harmonic, anode structure, cathode, and resonance condition of the SHMs are all 
different from that of conventional magnetrons. The comparison between 
conventional magnetron and the SHM is summarized in Table 2-3. The SHMs have 
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Table 2-3 Comparison between conventional magnetron and spatial harmonic 
magnetron 





π/2 or its neighboring mode 





First backward spatial harmonic 
 (m=-1) 
Mode separation   Straps or rising sun Without mode separation structure 
Cathode Thermionic cathode Cold secondary emission cathode 
initialized by thermionic cathode 
Field period  
(k=n+mN) 
k =N/2 k =3N/4 or 3N/4∓1 
Anode voltage U U/4 - U/2 
Magnetic field B B/4 - B/2 
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Chapter 3 Spatial Harmonic 
Magnetron in Ka Band 
This chapter presents 3-D particle simulations of a 35 GHz π/2-1 mode spatial 
harmonic magnetron with thermionic side cathode and cold secondary emission main 
cathode. Transient behaviour and steady state of the oscillations, electron back 
bombardment, electron secondary emission and the effect of the side cathode are 
investigated in simulation. To speed up the simulation, a simplified model has been 
developed to examine the effects of the cathode secondary emission coefficient and 
the anode quality factor. In addition, the mode stability in a π/2 mode SHM is 
investigated. 
3.1 Introduction 
In the SHM, the side cathode provides an electron beam in the axial direction into the 
interaction space. The space charge in the interaction space interacts with the RF field 
in the crossed plane. Therefore, the modelling of the SHM should be considered in 3D 
rather than 2D.  
Despite a large number of papers devoted to the numerical simulation of the nonlinear 
beam-wave interaction dynamics of in the conventional magnetrons through the use of 
commercial simulation software or in-house developed codes [58-61], investigation of 
nonlinear interaction in the case of SHMs has been addressed in just a few 
publications mainly based on self-consistent mathematical model [55] and equivalent 
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network approach [62]. The self-consistent mathematical model considers only the 
fundamental and first backward harmonic of the operating mode and neglects all other 
higher harmonic. It prohibits the possibility of examining mode competition and 
build-up process of the oscillation. A 3D simulation of 20-vane SHM was studied in 
[63] by the use of MAGIC. But the electron secondary emission was not taken into 
account. 
As is known, the conventional magnetron operating on the fundamental spatial 
harmonic has the largest amplitude and it has relative weak mode competitions due to 
the strapped anode. Therefore, RF priming or pre-injection of a finite-amplitude RF 
signal of π mode neglecting all other modes is a popular method in the particle 
simulation of conventional magnetron. This technique could considerably reduce the 
simulation time. However, in the SHMs, the -1th spatial harmonics are always weaker 
than the fundamental one. Therefore, the influence of the fundamental harmonics 
should not be neglected. In addition, RF priming eliminates the natural formation of 
spokes from electromagnetic noise, and even more important, it prevents analysing 
the important characteristics of magnetrons such as mode competition.  
In order to reveal the physics of the SHM, the simulation is performed by the use of 
CST Particle Studio without artificial RF priming and restrictive assumptions on the 
mode of operation or on the number of harmonics to be considered. Hence, it enables 
us to investigate not only the steady state, but also the transient behaviour of the 
magnetron. The software is based on the finite integration technique (FIT) and particle 
in cell (PIC) algorithm for a 3D analysis of charged particle dynamics in EM fields. It 
is able to self-consistently solve the full set of time dependent Maxwell’s equations 
and the complete Lorentz force equations through the use of a PIC code [64].  
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The PIC method as the name suggests defines macro particles inside a physical 
domain discretized by a mesh. The macro particle can be looked as a cluster of 
particles with the same charge mass ratio of a single electron. The idea is to solve for 
the scalar potentials or fields in the entire physical domain using Finite Integration 
Technique (FIT) with appropriate initial and boundary conditions and interpolate the 
force exerted by these fields on all particles that lie inside the corresponding mesh 
cell. Once the force on each particle is known, the motion equations are integrated to 
get the new particle positions and velocities. The charge carried by each macro 
particle is then assigned to the cell nodes in which it lies. To complete the interaction 
between particles and EM fields, the particle movement is written back as current to 
the Maxwell equations. The above procedure is repeated in each time step. The 
general PIC computational cycle for the interaction between electrons and 
electromagnetic field is shown in Figure 3.1. 
 
Figure 3.1 Particle in cell computational cycle [65]. 
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3.2 Investigation of a 35GHz 𝛑/𝟐-1 Mode SHM 
3.2.1 Simulation model 
The simulation model build in Cartesian coordinate system (x y, z) in CST Particle 
Studio is shown in Figure 3.2. The most important geometrical dimensions of this 
model were determined from the practical geometry of a 35 GHz π/2-1 mode SHM 
reported and investigated both theoretically and experimentally in [55]. The model 
consists of the following parts: (1) a 16-vane unstrapped anode block, assuming that 
the conducting material has a conductivity σ = 5.8 × 10
7
 S/m which corresponds to 
that of copper; (2) a Ka-band (WR-28) rectangular output waveguide; (3) a 
quarter-wavelength transformer, located between the WR-28 waveguide and one of 
the side resonators, which is used for the impedance matching and RF power 
coupling; (4) an auxiliary thermionic cathode (also named side cathode) placed out of 
the interaction space, which is to inject a small primary current into the interaction 
space; (5) a platinum cold secondary emission cathode (also named main cathode) 
located in the centre of the interaction space, which is to generated a large secondary 
emission current; (6) to prevent electron leakage in the axial direction, a pair of 
nonmagnetic endcaps are located at the ends of the main cathode. The geometrical 
parameters are presented in Table 3-1. The magnetic field circuit is not introduced in 
this model. Instead, the axial magnetic flux with a uniform profile is provided by an 
external magnetic field source. 
 
Chapter 3 Spatial Harmonic Magnetron in Ka Band 
53 
 
 (a)  
   (b)  
Figure 3.2 Simulation model of a 35 GHz 𝛑/2-1 mode SHM with auxiliary side cathode and 
platinum cold secondary emission main cathode (a) cross section plotted in the y-z plane; (b) cross 
section plotted in the x-y plane. 
Table 3-1 Geometrical parameters of a 35GHz magnetron simulation model 
Number of vanes N 16 
Anode radius 𝑟𝑎, mm 2.25 
Cathode radius 𝑟𝑐, mm 1.3 
Side resonator depth d, mm 1.38 
Aperture opening θ 12.5o 
Anode length h, mm 6 
End space height, ℎ𝑠, mm 1.2 
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3.2.2 Cold cavity simulation 
3.2.2.1 Anode block 
The cold cavity simulation by using CST eigen mode solver can reveal the resonance 
properties of the anode cavity, such as frequencies, mode patterns and Q values. There 
are two methods in the eigen mode solver: Advanced Krylov Subspace (AKS) and 
Jacobi-Davidson Method (JDM). The AKS solver calculates resonant modes in a 
predefined frequency interval, whereas in the JDM solver, there is no frequency limit 
but an increased solver time. The JDM solver is selected in this simulation. 
The resonant frequencies of the anode cavity mainly depend on the geometry of the 
anode block. The anode block without end space and output structure is relatively 
simple and does not need a large number of mesh cells to obtain the cold cavity 
resonance properties. As shown in Figure 3.3, the anode block consists of 16 vanes, a 
cylinder cathode, and vacuum interaction space. To ensure the magnetic field along 
the axial direction and the electric field in the cross section are without any distortion, 
perfect magnetic conductor (PMC) boundaries are assumed at the top and bottom of 
the anode block. 
To examine the effect of the mesh cell, the simulation is performed with two different 
mesh types. One is tetrahedral mesh with mesh number of 50043 (Figure 3.4 (a)); the 
other is hexahedral mesh with mesh number of 202500 (Figure 3.4 (b)). As shown  
in Table 3-2. The simulation results are close to each other. The slight frequency 
deviation is due to the different mesh types. Resonant modes can be identified from 
the profiles of the vector electric field. The phase differences between the 
neighbouring side resonators of π/2-1 mode (n=3), π/2 mode (n=4), and π mode (n=8) 









 respectively. The distributions of electric field pattern and 
amplitude are presented in Figure 3.5.  
 
Figure 3.3 3-D structure of an anode block with PMC boundaries. 
    
(a)                                      (b) 
Figure 3.4 Simulation models of anode block with two different mesh types: (a) 50043 tetrahedral 
mesh cells; (b) 202500 hexahedral mesh cells. 
Table 3-2 Cold simulation results of anode block with Tetrahedral and 
Hexahedral mesh types 
Mode number, n 1 2 3 4 5 6 7 8 
Tetrahedral   f (GHz)  17 28.9 34.99 37.9 39.5 40.4 40.89 41.04 
Hexahedral  f (GHz) 17.09 28.99 34.92 37.87 39.37 40.47 40.79 40.93 
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                  (a1)                                     (a2) 
    
                   (b1)                                   (b2) 
     
                (c1)                                   (c2) 
Figure 3.5 Distributions of E-field vector and amplitude of π/2-1 mode (a1, a2), π/2 mode (b1,b2), 
and π mode (c1, c2) in the anode block. 
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The π/2-1 mode resonant frequency is found to be 34.99 GHz. For the n-th mode, the 
mode separation can be calculated by 
 𝑓𝑛+1 − 𝑓𝑛
𝑓𝑛
  3. 1 
Considering the simulated frequencies in Table 3-2, the mode separation of π mode 
(n=8) is 0.36%, while the mode separation of π/2-1 mode (n=3) is 8.3% which is 
about 22 times higher. Thus, the π/2-1 mode SHM has naturally good mode 
separation even without any mode separation straps. 
It can be observed that the E-field is concentrated in the area close to the anode and 
attenuated with the distance away from the anode. As shown in Figure 3.5(c), the 
e-field amplitude of π mode is uniformly distributed in the vicinity of the cathode. 
However, for the non-π mode such as π/2-1 mode and π/2 mode, the E-field 
distributions near the cathode are periodical and the periodic number is equal to the 
mode number n as shown in Figure 3.5 (a) and (b), 
The effects of the geometrical parameters of the side resonators are examined by a 
series value of vane depth d and the opening angle θ. Figure 3.6 is simulated 
dispersion diagrams when the vane depth is varying from 1.3 mm to 1.46 mm with a 
constant 12.5
o
 resonator opening angle. Figure 3.7 shows simulated dispersion 




 with a constant 1.38 
mm vane depth. The comparison with these two diagrams indicates that the resonant 
frequencies depend on vane depth rather than the opening angle. The resonant 
frequencies increase with shorter vane depth. 




Figure 3.6 Dispersion diagrams when vane depths are varying from 1.3mm to 1.46 mm at 12.5o 
opening angle. 
 
Figure 3.7 Dispersion diagrams when opening angles are varying from 12.3o to 12.9o at 1.38mm 
vane depth. 
3.2.2.2 Anode cavity 
Putting back the end space, coupler and the output waveguide, the resonance 
properties of the anode cavity are obtained according to cold cavity simulation. The 
E-field patterns of π/2-1 mode and π/2 mode of the anode cavity are shown in  





























































                        (a)                                        (b) 
Figure 3.8 E-field patterns of (a) π/2-1 mode (35.16 GHz) and (b) π/2 mode (37.9 GHz). 
 
Figure 3.9 Dispersion diagrams of anode block and realistic anode cavity. 
Figure 3.8 which is similar with the E-field patterns of the anode block presented in 
Figure 3.5. The π/2-1 mode of the anode cavity resonates at 35.16 GHz and has a 
loaded quality factor QL of 264. The loaded quality factor of π/2 mode is found to be 
207 at 37.9 GHz. The dispersion diagrams of anode block and anode cavity are 
plotted in Figure 3.9. It shows that the resonant frequencies of the anode cavity are 
very close to those of the anode block. The slight difference is due to the effect of 
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cathode hat, end space, side cathode, and coupler. 
3.2.3 Particle-in-cell simulation 
3.2.3.1 Electron dynamics 
The electron-wave interaction is investigated by using the CST PIC solver. Figure 
3.10 shows an annular electron source of the side cathode. The outer radius 𝑟𝑜 of the 
emission area is 1.5 mm. The inner radius is 1.3mm which is the same as the radius of 
the cold cathode rc. The emission current is constant at 400 mA. The side cathode 
and the main cathode are connected to the same voltage source while the anode cavity 
is grounded. Figure 3.11 shows the anode voltage signal which increases 
monotonously from 0V to 12.8 kV within 10 ns rise time. The potential distribution 
when anode voltage rises to 4 kV is shown in Figure 3.12. 
      
(a)                              (b) 
Figure 3.10 Electron source on the side cathode with 400 mA DC emission current (a) side cathode; 
(b) annular emission area with1.3 mm inner radius and 2.1 mm outer radius. 
As shown in Figure 3.13, the electrons emitted from the side cathode are injected into 
the interaction space during the leading edge of the anode voltage in the axial 
direction. As the uniform magnetic field (B=0.5875 T) is parallel to the electron 
trajectory and the anode voltage at this stage is small, the radial component of the 
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electron velocity is negligible. These injected electrons accumulate near the surface of 
the cold cathode. The thickness of the electron sheath is equal to 0.2 mm (rO − rc). 
 
Figure 3.11 12.8kV anode voltage with 10ns rise time. 
 
Figure 3.12 Static electric potential when anode voltage rises to 4kV. 
 
Figure 3.13 Electron injection from the side cathode into the interaction space during the leading 
edge of the anode voltage. 



























Figure 3.14 Electrons accumulated in the vicinity of the main cathode and expand toward the 
anode after 3 ns. 
 
Figure 3.15 Secondary emission current and back bombarding current. 
 
Figure 3.16 Time dependence of particle number in the interaction space. 








































Figure 3.17 Platinum secondary emission coefficient versus impact energy for normal incidence 
angle. 𝛅𝐭: true secondary emission coefficient;  𝛅𝐫: inelastic reflection  coefficient; 𝛅:  the total 
secondary emission coefficient. 
As shown in Figure 3.14, with the anode voltage increasing, these accumulated 
electrons are rotating around the cold cathode and expanding toward the anode. The 
outer layer of the electron sheath interacts with the RF field. As shown in Figure 3.15 
and Figure 3.16, at about 20 ns, the back bombarding electrons have sufficient energy 
to initialize the secondary emission coefficient higher than 1 and there is an avalanche 
process of the electron secondary emission. When the oscillation is stable, the average 
secondary emission current is 75 A. The back bombarding current is 62 A. The 
average secondary emission coefficient is 1.2 calculated by the ratio of the secondary 
emission current to the bombardment current (75A/62 A). Considering the cathode 
radius of 1.3 mm and cathode height of 6 mm, the area of the cold cathode surface is 
0.48984 cm
2
. The calculated secondary emission current density emitted from the cold 
cathode is 153.1 A/cm
2
. 
The calculated average back bombarding energy on the cold cathode is 430 eV. 
Representing the platinum secondary emission coefficient in Figure 3.17, one can see 
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that the secondary emission coefficient is more sensitive to the impact energy in the 
region below 500eV than the region above 900eV. As the secondary emission is the 
main contributor to the cathode emission current, it could deduce that any conditions 
affect the stable of the secondary emission coefficient, such as the cold cathode 
contamination and surface roughness, may obviously affect the magnetron output 
power. The influence of the electron secondary emission coefficient will be 
investigated in the following sections. 
As shown in Figure 3.18, when the oscillation is stable after 30 ns, there are 13 
electron spokes along the anode surface. As is known, when the space charge 
effectively synchronizes with the operating mode, the number of spokes is equal to 
the complete period k of the RF wave around the anode circumference, where 
 𝑘𝑚,𝑛 = |𝑚𝑁 + 𝑛| 3.2 
N is the number of the side resonators (N=16); m is the order of the spatial harmonic 
(m=-1 for the first order of the backward spatial harmonic); n is equal to 3 for the 
π/2-1 mode. So, k=13. Therefore, the formation of 13 electrons spokes indicates that 
the magnetron is operating on the π/2-1 mode of -1th spatial harmonic. 
As is well known that, in classical magnetrons, the electron cloud consists of electron 
sheath embracing the cathode and electron spokes distribute periodically and regularly 
along the anode as shown in Figure 3.19 (X band classical magnetron E2V MG5240). 








Figure 3.18 Space charge distribution at the steady state of the oscillation (13 electron spokes; 
𝐕𝐝𝐜=12.8 kV; 𝐁=0.5875 T, 400 mA side cathode current).  
 
Figure 3.19 Periodical space charge distribution in a 18-vane classical magnetron (E2V MG5241) 
[42]. 
3.2.3.2 Comparison between the simulation results and the experimental data 
In order to verify the simulation, it is necessary to compare the simulation results with 
the experimental data. Figure 3.20 depicts the simulated amplitude of the output 
voltage 𝑉𝑜𝑢𝑡  monitored at the centre line across broad walls of WR28 output 
waveguide. The output voltage reaches a saturation value 𝑉𝑜𝑢𝑡= 3570 V at the steady 
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state of the oscillation.  
 
Figure 3.20 Simulated output voltage monitored at the central line of the output port. 
 
Figure 3.21 Output frequency obtained by Fourier Transform of the output voltage. 
 
Figure 3.22 The time evolution of anode current. 
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Figure 3.21 plots the oscillation frequency spectrum with normalized amplitude, 
which is obtained from a Fourier transform of the time-varying voltage. The 
oscillation frequency 𝑓 is 34.96 GHz, which is close to the cold cavity frequency of 
35.16 GHz of the π/2-1 mode. It is reasonable for the frequency shift between the cold 
cavity and the hot cavity due to the effect of the space charge. 











a: width of WR28 waveguide. a=7.11 mm. 
b: height of WR28 waveguide. b=3.55 mm.  
𝑍0: wave impedance. 𝑍0 =377 ohm. 
𝑓𝑐: cut off frequency of the WR28waveguide. 𝑓𝑐 =21.08 GHz. 
𝑓: oscillation frequency, 𝑓=34.96 GHz. 
The calculated saturated output power is equal to 13.5 kW. 
Figure 3.22 shows the time evolution of anode current 𝐼𝑎. In CST Particle Studio, this 
current is calculated by the average charge hitting the anode surface during each time 
step. There is no anode current before 10 ns during the electron injection period. A 
small amount of anode current appears during 10 ns – 20 ns when the interaction 
space is filled with space charge. The value of the anode current increases during the 
starting up of the oscillation and reaches to around 7.5 A at the steady state. 
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The simulation results, including frequency 𝑓, output power 𝑃𝑜𝑢𝑡, anode current 𝐼𝑎, 
efficiency 𝜂, together with the experiment data are summarized in Table 3-3, where 
one can find a good agreement between them. Therefore, this SHM model is verified 
by experiment. 













Simulation 34.96 13.5 7.5 14.2 12.8 0.5875 
Experiment[55] 35 15.23 7.5 15.5 12.8 0.5875 
3.2.3.3 Distribution of the Electron Back Bombarding Energy and Secondary 
Emission Current 
In order to investigate distribution of the electron back bombarding energy and 
secondary emission current on the cold cathode, the cold cathode is divided into 6 
units equally as shown in Figure 3.23. Figure 3.24 plots the simulation results of 
distribution of the back bombarding energy, which shows that the back bombarding 
energy follows an approximately Gaussian distribution along the cathode length. The 
impact energy on the central parts of the cold cathode is around 500eV, which is 
higher than that on the ends of the cathode. Unite “1” and Unite “6” at the ends of the 
cathode suffer nearly the same back bombarding energy around 350eV. Figure 3.25 
presents the time evolution of secondary emission current of each unite. It shows that 
the secondary emission current of Unite “1 (12A) is much higher than that of Unite “6” 
(9A). As is known, the secondary emission coefficient depends not only on the impact 
energy, but also on the incident angle of the back bombarding electron. With the same 
incident energy, the secondary emission coefficient increases with incident angle [66]. 
Therefore it can be deduced that the primary electrons on Unite “1” which is near the  




Figure 3.23 The length of the cathode is divided into 6 units. 
 
Figure 3.24 Distribution of bark bombarding energy along the cathode. 
 
   (a)                                     (b) 
Figure 3.25 Time evolution of the distributed back bombarding current (a) and secondary 
emission current (b) along the cold cathode. 
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side cathode has larger incident angle due to the effect of the side cathode and the 
static electronic field. Unite “6” which is far from the side cathode has smaller 
incident angel. 
3.2.3.4 Transient behaviour - mode competition  
The transient behaviour of oscillation can be investigated through the observation of 
frequency spectrum inside the anode cavity. Figure 3.26 shows the frequency 
spectrum monitored at the aperture of side resonators at different moments 8ns, 10ns, 
15ns, 20ns, 22ns, 23ns, 25ns, and 40ns, respectively. 
As shown in Figure 3.26 (a) and (b), when electrons are injecting into the interaction 
space before 10 ns, there is no any oscillation. During this stage, there is no anode 
current, no back bombarding current, no secondary emission current. As shown in 
Figure 3.26(c) and (d), when electrons are accumulating near the cathode during 10 ns 
– 20 ns, 40.96 GHz is the dominant frequency. Referring to the cold cavity 
frequencies, π-mode is the dominant mode. The main reason is that π-mode has the 
largest amplitude than other modes. 29.76 GHz and 47.03 GHz do not belong to any 
oscillation modes. 
As shown in Figure 3.26(e)-(g), when the oscillation starts up during 20 ns – 30 ns, 
there is a strong mode competition. In the beginning, π/2+1 mode (n=5) with a 
resonant frequency of around 39.16 GHz is the dominant mode which competes with 
the π/2-1 mode (35.02 GHz). With time elapsing, the amplitude of the π/2-1 mode 
grows up when the electron speed is close to its phase velocity. During this period, the 
neighbouring π/2 mode (37.52 GHz) competes with the operating π/2-1 mode, since 
their phase velocities are close to each other.  




  (a)             (b) 
   
  (c)             (d)   
 
  (e)             (f) 
 
  (g)             (h) 
Figure 3.26 Spectrum of the voltage monitored at the aperture of one of the vanes at (a)8ns; 
(b)10ns; (c)15ns; (d)20ns; (e)22ns; (f)23ns; (g)25ns; (h)40ns. 
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As shown in Figure 3.26 (h), when the oscillation is stable after 30 ns, the oscillation 
is stable on the π/2-1 mode at 34.96 GHz. The output power, anode current, and the 
secondary emission current are nearly constant. 
According to the investigation of the transient behaviour, one can see that π mode, 
π/2+1 mode, and π/2 mode are competitors to the operating π/2-1 mode at different 
moments. The oscillation of the SHM requires a relatively long electron residence 
time to start, which is different from classical magnetrons. 
3.2.4 Higher injection current 
The emission current from the thermionic side cathode is temperature dependant. The 
typical injection current is several hundred milliamps at around 1250K (a typical 
temperature for the magnetron operation) [43]. In this section, the simulation is 
performed with 10A injection current which exceeds the necessary value by several 
orders of magnitude. Although it is too high for practical operation of the magnetron, 
it is useful to investigate the effect of the injection current to the magnetron operation. 
The simulated output voltage profile and oscillation spectrum are presented in Figure 
3.27. Compared with the model with 400 mA side current as studied in the last section, 
the time of pre-oscillation reduces from 30ns to 10ns. The main reason may be that 
the higher injection current reduces the time that the electrons require to accumulate 
near the cathode. The output power increases from 13.5kW to 17.2 kW but with more 
fluctuations. Table 3-4 is the comparison between the simulation results of the models 
with 400mA and 10A injection currents and the experimental data. It indicates that the 
value of injection current 𝐼𝑝  does not affect the magnetron output performance 
significantly. The injection current is just to trigger the secondary emission of the cold 
cathode. 




(a)                                 (b) 
Figure 3.27 Simulation results with 10 A injection current (a) profile of the output voltage; (b) 
oscillation spectrum. 
Table 3-4 Comparison between the simulation results and experimental results 
 𝐼𝑝 (A) 𝑓 (GHz) 𝑃𝑜𝑢𝑡 (kW) 𝐼𝑎 (A) 𝐼𝑠 (A) 𝐼𝑏 (A) 
Simulation results 0.4 34.96 13.5  7.4 73 65 
10 35.04 17.2 10 76 69 
Experiment results 0.l-0.4 35 15.23 7.5 -- -- 
3.3 Development of a Simplified Model without Side 
Cathode to Speed up the Simulation 
3.3.1 Introduction to the simulation model 
Compared with conventional magnetron, particle simulation of the SHM is very time 
consuming due to the electron injection and electron secondary emission. One 
simulation for a simulation time of 58ns of the previous model takes about 220 hours 
with computer equipped with quad-core Intel 3.3-GHz processor, which hinders our 
research on the SHM. Therefore, it needs to develop an approach to speed up the 
simulation while capturing the main features of SHM. The study in the last section 
shows that the performance of SHM mainly depends on the electron multiplication 
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rather than the injection current. This may open a way to develop a simplified model 
without side cathode to speed up the particle simulation. 
The simplified model without side cathode is shown in Figure 3.28. The geometrical 
dimensions of anode cavity and cathode are the same as the model in Figure 3.2. 
Hence, as presented in Table 3-5, the simulation results of the cold cavity including 
resonant frequencies and Q factors are close to the realistic one. The slight difference 
is due to the effect of the side cathode and the end space. 
 
 
Figure 3.28 Simplified SHM model without side cathode. 
As shown in Figure 3.28, to trigger the electron secondary emission, a small amount 
of seed current is specified on the surface of cold cathode. The emission points are 
located at the centre of the mesh cells. A uniform magnetic field is in the axial 
direction along the cathode. When the anode voltage is applied through the discrete port 
of the filament, primary electrons are emitted from these emission points. These 
electrons rotating around the cathode under the crossed field form an electron sheath 
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near the cathode surface. With the rising of the anode voltage, the electron sheath 
expands towards the anode and the outer layer of the electron sheath interacts with the 
cavity RF field. The secondary emission will be triggered under the intense back 
bombardment energy. Therefore, a large value of secondary emission current is 
triggered by a small value of the seed current. 
Table 3-5 Cold simulation results of the simplified model without side cathode 
n 1 2 3 4 5 6 7 8 
f (GHz) 21.47 30.11 35.35 37.9 39.6 40.2 40.95 41.18 
𝑄𝑒𝑥𝑡 -- 393.8 407.8 388 -- -- -- -- 
𝑄𝑜 -- 1775 1757 1736 -- -- -- -- 
𝑄𝐿 -- 322 330 317 -- -- -- -- 
3.3.2 Verification of the simplified model 
3.3.2.1 Electron dynamics 
In this simplified model, 5A DC emission current is specified on the cathode surface 
with 78 emission points. The applied anode voltage Vdc is 12.8 kV and the magnetic 
field B is 0.5875 T, which are the same as the realistic model. But to speed up the 
pre-oscillation, the rise time of the anode voltage is 1ns instead of 10ns. 
The electron dynamic can be observed by the space charge distribution at different 
moments. Figure 3.29 presents the time evolution of space charge in the interaction 
space plotted in a half of x-z plane. In the beginning, the electron sheath initially 
forms in the areas near the emission points assumed on the cathode. In the regions, i.e., 
the areas between the centres of the mesh cells, there is no space charge. As time 
elapses, the space charge expands until it fills the whole interaction space. The 
Chapter 3 Spatial Harmonic Magnetron in Ka Band 
76 
 
number of particles increases and the distribution of space charge becomes uniform in 
the interaction space (see Figure 3.29 c). 
  
(a)          (b) 
  
(c)          (d) 
Figure 3. 29 Time evolution of the space charge in the interaction space plotted in a half of x-z 
plane at (a) 0.2 ns, (b) 3.2 ns, (c) 10 ns, and (d) 25 ns. The charge profiles are plotted for 𝐕𝐝𝐜=12.8 
kV, B=0.5875 T, and 5A seed current. 
 
(a)      (b)       (c) 
Figure 3.30 Time-evolved spoke formation plotted in the x-y plane at (a) 3.2ns, (b) 10 ns, and (c) 25 
ns. The charge profiles are plotted for 𝐕𝐝𝐜= 12.8 kV, B = 0.5875 T, and 5A seed current. 
Figure 3.30 shows cut away views of the space-charge distribution in the x-y plane at 
3.2ns, 10ns, and 25ns. After 13ns, the existence of 13 electron bunches is clearly 
distinguishable (see Figure 3.30 c) which is the same as that in the realistic model (see 
Figure 3.18), which indicates that the model is operating on the π/2-1 mode (n = 3) of 
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the -1th spatial harmonic. Thus, it is verified that this simplified model could reflect the 
main process of electron dynamic of the SHM except the electron injection. 
3.3.2.2 Comparison with the experimental data 
The profile of the output voltage signal and the oscillation spectrum are presented in 
Figure 3.31. Compared with Figure 3.20, the pre-oscillation time reduces from 30ns to 
10ns. The amplitude of the output voltage is 3786 V and the corresponding output 
power is 15.17 kW which is close to the experimental result of 15.23 kW. The simulated 
frequency as shown in Figure 3.31 (b) is 35.1 GHz.  
In fact, the cathode current in this model consists of two parts in this simplified model. 
One is the 5A seed current. The other is 73A secondary emission current as shown in 
Figure 3.32. The seed current is around 6% of the total current. Therefore, the 
secondary emission current is the main contributor to the cathode current. The 
simulation results show a good agreement with the experimental data as shown in Table 
3-6. Thus, this simplified model has been proved to provide a relative accurate 
predication of the SHM performance. 
  
       (a)             (b) 
Figure 3.31 (a) Simulated output voltage monitored at the central line of the output waveguide and 
(b) spectrum, when the anode voltage rising time is 1 ns, 𝐕𝐝𝐜= 12.8 kV, B = 0.5875 T. 



































Figure 3.32 Secondary emission current and back bombarding current. 
Table 3-6 Simulation results and experimental data (𝑰𝒑: seed current; 𝑰𝒂: anode 
current; 𝑰𝒔: secondary emission current) 
 𝐼𝑝 A 𝑓 GHz 𝑃𝑜𝑢𝑡 kW 𝐼𝑎 A 𝐼𝑠 A 𝜂 
Simulation results 5A 35.15 15.17 7.43 73 15.95% 
10A 35.15 16.2 7.78 80 16.2% 
Experimental data - 35 15.23 7.5 -  
 
Figure 3.33 Simulated output voltage monitored at the central line of the output waveguide when 
the rising time of the anode voltage is 10 ns and the seed current is 5A. 
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Figure 3.34 Distribution of Electron spokes when primary current is 10 A. 
To examine the effect of the voltage rise time, simulations are carried out with 10 ns 
anode rise time of the anode voltage with 5A seed current. Comparing Figure 3.33 with 
Figure 3.31 (a), it confirms that the anode voltage rise time does not affect simulation 
results in this simplified model. The only difference is that the oscillation starts much 
slowly due to the slow leading edge of voltage. 
To examine the effect of the seed current, the model is simulated with 10A seed current. 
As seen in Table 3-6, the output power, anode current and efficiency are slightly higher. 
The percentage of the seed current to the total cathode emission current increases from 
6.4% to 11%. There are 13 electron spokes at the steady state of oscillation as shown in 
Figure 3.34 which is the same as Figure 3.30(c), but appears more regularly. 
3.3.2.3 Transient behaviour - mode competition 
The time involved frequency spectrum of the voltage at the aperture of the side 
resonator is presented in Figure 3.35. Since the secondary emission current and the 
space charge density is so weak before 2 ns that it is hard to see the dominant oscillation 
modes in Figure 3.35(a). The dominant frequency 40.95GHz in Figure 3.35 (b) is the 
same as that in the realistic model in Figure 3.26 (c). During the pre-oscillation, the  
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    (a)                (b) 
    
    (c)                (d) 
     
    (e)                (f) 
Figure 3.35 Spectrum of the simplified model with 5 A seed current at different moments: (a) 1ns 
(b) 2ns (c) 4ns (d) 5ns (e) 6ns and (f) 10ns. 
mode competition between π/2 mode (37.7GHz) and the π/2-1 mode (35.15GHz) can 
be clearly observed in Figure 3.35 (c)-(e). Finally the oscillation settles down in the 
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π/2-1 mode at 35.15GHz in 3.35 (f). This mode competition process is similar to that in 
the realistic model in Figure 3.26. 
The simulation results in section 3.3.2 show that the operating parameters of this 
simplified model including output power, anode current, space charge distribution, 
steady state and transient behaviour are all close to those in the realistic model and the 
experimental data. Therefore, it is verified that this simplified model is accurate enough 
in the investigation of the SHM. Compared with the realistic model, the simplified 
model reduces the simulation time from 200 hours to 40 hours on the same computer. 
3.4 Investigation of the Secondary Emission Coefficient 
Practically, the cold cathode is made of a copper core plated with platinum foil to 
reduce the cost. However, it causes the fabrication of the cold cathode more 
complicated. There is a practical need for cheaper materials to simplify the cathode 
fabrication. Therefore, the dependence of magnetron characteristics on secondary 
emission coefficient is investigated. The investigation is based on the simplified 
model with a cold cathode having various secondary emission coefficients: 0.6*δ, 
0.8*δ, 1.2*δ, 1.4*δ, where δ is the secondary emission coefficient of platinum. The 
operation is set at 𝑉𝑑𝑐=12.8 kV and 𝐵=0.5875 T. Figure 3.36 shows that the smaller 
secondary emission coefficient results in more irregular space charge accompanied 
with noisy spectrum. As shown in Figure 3.36, the secondary emission current 
dramatically increases with the secondary emission coefficient. When the secondary 
emission coefficient increases to 1.4*δ, the secondary emission current is as high as 
220 A. Figure 3.36 indicates that the threshold value of the electron secondary 
emission coefficient for the magnetron operation is about 0.8*δ, below which the 
oscillation is not stable or even fails to start. The output power and efficiency increase 
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with the secondary emission coefficient and drops down obviously when the 
secondary emission coefficient is 1.4δ.  
 (a) 0.6*δ       
 (b) 0.8*δ      
(c) 1.2*δ      
 (d) 1.4*δ      
Figure 3.36 Space charge distribution and output spectrum after 20ns, when secondary emission 
coefficient are 0.6*δ, 0.8*δ, 1.2*δ, 1.4*δ respectively. 




































































































































      (a)                                    (b) 
 Figure 3.37 Secondary emission current (a) and anode current (b) when secondary emission 
coefficients are 0.6*δ, 0.8*δ, 1.2*δ, 1.4*δ. 
 
     (a)                                      (b) 
  
          (c)                                      (d) 
Figure 3.38 Output voltages when secondary emission coefficients are (a) 0.6*δ, (b) 0.8*δ, (c) 1.2*δ, 
(d) 1.4*δ. 
The simulation results including frequency, output power, anode current, secondary 
emission current (𝐼𝑠), back bombarding current (𝐼𝑏), and efficiency for various 
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electron secondary emission coefficients are summarized in Table 3-7. The 
investigation of the magnetron performance with different secondary emission 
coefficients indicates that the effective range of the secondary emission coefficient is 
from 0.8*δ to 1.2*δ. It is possible to simplify the manufacturing by make the cold 
cathode by pure inexpensive metals with relative lower secondary emission 
coefficient, like copper or molybdenum, rather than plating it with platinum. The 
resulting decrease of the efficiency and the output power is small enough to justify for 
a lower manufacturing cost. 















0.6δ 35.2 1.4 2.7 21 23 4 
0.8δ 35.2 9.8 6.4 41.8 40 12 
δ 35.2 15.9 7.3 72 70 17 
1.2δ 35.2 13.7 7.06 152 150 15.1 
1.4δ 35.2 9.6 6.3 220 219 11.9 
3.5 Effects of the External Quality Factor  
In the SHM, the RF power is coupled through a slot at one of the side resonators. 
External quality factor 𝑄𝑒𝑥𝑡 can be adjusted by tuning coupler widths. As shown in 
Figure 3.39, the values of the external quality factor 𝑄𝑒𝑥𝑡 reduce from 680.4 to 170.5 
when the coupler widths increase from 0.15 mm to 0.45 mm. For all of these 
simulations, 𝑄𝑒𝑥𝑡 and B are set to be equal to 12.8 kV and 0.5875 T, respectively. 
The external quality factor does not change the oscillation mode. All of them oscillate 
on the π/2-1 mode of the -1th spatial harmonic. The simulation results in Table 3-8 
shows that the efficiency monotonically increases with smaller 𝑄𝑒𝑥𝑡. The output 
power decreases from 16kW to 10.2kW when 𝑄𝑒𝑥𝑡>600. 




Figure 3.39 External quality factors versus with various coupler widths. 
Table 3-8 Simulation results with various external quality factors 
Coupler width (mm) 0.15 0.25 0.35 0.45 
𝑄𝑒𝑥𝑡 680.4 333 264.7 170.5 
𝑃𝑜𝑢𝑡 kW 10.2 15.9 16 15.2 
𝐼𝑎 A 7.6 7.3 6.7 5.1 
η  % 10.5% 17% 18.6% 23.2% 
𝑓 GHz 35.2 35.2 35.2 35.25 
|𝑘| 13 13 13 13 
𝐼𝑠 A 88 72 64 43 
3.6 Investigation of the Stability of a 𝛑/𝟐-mode SHM 
3.6.1 Introduction 
The transient behaviour of the π/2-1 mode SHM shows that the neighbouring π/2 
mode competes with the operating π/2-1 mode during the pre-oscillation, due to the 
fact that their frequencies and phase velocities are close to each other. Thus, it is 
possible to develop a  π /2 mode SHM model based on the π /2-1 mode SHM 
according to the modification of the anode parameters and correct selection of the 
operating points [67]. However, the higher mode number has worse mode separation. 
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In the SHM, there is no additional mode separation structure. Therefore, the SHM 
operating on higher mode number may suffer from mode instability or narrow 
dynamic range of the operating points. To verify this, this section will investigate the 
stability of a π/2 mode SHM. 
3.6.2 Particle simulation of a 𝛑/𝟐 mode SHM 
The structure of the simulation model is the same as Figure 3.28, but with different 
geometrical parameters. The main geometrical parameters of the simulation model are 
determined from a π/2 mode SHM as reported in [67], which is developed based on 
a slight modification of a π/2-1 mode SHM. The dimensions of anode radius, 
cathode radius, and anode height are the same as the e π/2-1 mode SHM. The only 





 and the vane depth increases slightly from 1.38mm to 1.39mm to obtain 
maximum output power and efficiency. The geometrical parameters, one of the 
operation points, and cold simulation results of this simulation model are presented in 
Table 3-9.  
Figure 3.40 shows the dispersion diagrams of the anode block and anode cavity. The 
frequency of the π/2 mode (n=4) is 37.47 GHz with the mode separation of 4.3%. 
Particle simulation is carried out with 5 A seed current from 72 emission points on the 
cold cathode surface. The axial magnetic flux density B is equal to 0.53 T with a 
uniform profile in the interaction space. The anode voltage is 12.6 kV with 0.1 ns rise 
time. The evolution of the space charge is shown in Figure 3.41. The processes of the 
electron motion, electron secondary emission and spokes formation are similar with 
those of the π/2-1 mode SHM. The significant difference is that the number of 
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electron spokes reduces from 13 to 12 at the steady state of the oscillation as shown in 
Figure 3.41 (d).  
Table 3-9 Geometrical parameters of a 16-vane π/2 mode SHM 
Number of vanes (N) 16 
Cathode radius rc (mm) 1.3 
Anode radius ra (mm) 2.25 
Side resonator depth (mm) 1.39 
Aperture opening 13.5 
Anode height (mm) 6 
Output waveguide WR28 
Copper conductivity (S/m) 5.8e7 
Cathode end hat radius (mm) 1.9 
The height of the end space(mm) 1 
Transformer length (mm) 1.8 
Magnetic field (T) 0.53 
Anode voltage (kV) 12.6 
π/2-1 mode frequency (GHz)and Qext 34.49, 440 
𝛑/𝟐 mode frequency (GHz) and Qext 37.47, 453 
π/2+1 mode frequency (GHz) and Qext 39.08, 455 
 
Figure 3.40 Dispersion diagrams of the bare anode and realistic magnetron of a 16-vane 𝛑/𝟐 
mode SHM. 
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(a)     (b) 
(c)     (d)    
Figure 3.41 Time-evolved spoke formation plotted in the x-y plane at different moments: (a) 0.3 ns, 
(b) 2 ns, (c) 4 ns, and (d) 20 ns. (12.6kV anode voltage and 0.53T magnetic field). 
The output voltage monitored at the centreline of the output port across the WR28 
waveguide broad walls is presented in Figure 3.42 (a). Output RF voltage starts to grow 
abruptly at about 4ns and reaches its saturation value of 4603.7V after 15ns. The 
corresponding output power is 23.2 kW, which is substantially higher than that of the 
π/2-1 mode SHM. The oscillation frequency is found to be 37.26 GHz as shown in 
Figure 3.42 (b). As shown in Figure 3.42 (d), during the pre-oscillation before 10ns, the 
secondary emission current is lower than the back bombarding current due to the 
insufficient back bombarding energy. However, after 10 ns when the electrons start to 
synchronize with the working mode, the back bombarding electrons have sufficient 
energy to trigger the secondary emission coefficient higher than 1 (leading to the 
secondary emission current higher than the back bombarding current). The simulation 
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results are summarized in Table 3-10. The simulation is also carried out with 300 
emission points. The results have no difference with the model with 70 emission points, 
but the required simulation time increases from 40 hours to 70 hours. 
   
    (a)                                  (b) 
 
     (c)                                   (d) 
Figure 3.42 Simulation results of a 𝛑/𝟐 mode SHM. (a) Output voltage monitored at the centreline 
of the output port across the WR28 waveguide broad walls; (b) output spectrum with normalized 
amplitude; (c) anode current; (d) secondary emission current and back bombarding current. 
Table 3-10 Simulation results of a π/2-mode SHM 
Frequency, GHz 37.26 
Output power, kW 23.2 
Anode current, A 22.59 
Efficiency, % 8% 
Secondary emission current, A 37.4 
Anode Voltage, kV 12.6 
Magnetic field, T 0.53 
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3.6.3 Mode jumping 
In order to investigate the operation range of the anode voltage and to observe if mode 
jumping happens due to the changing of the anode voltage, the simulations are 
performed by tuning the anode voltage from 11.4 kV to 13.8 kV while magnetic field 
keeps constant at 0.53T. Figure 3.43 shows the simulation results of oscillation 
frequency and electron spokes at the steady state of the oscillations. It can be observed 
that mode jumping happens due to the voltage tuning. 
When the anode voltages are set in 11.2 kV-11.6 kV, there are 13 electron spokes 
with 34.47 GHz oscillation frequency, which indicates that the SHM is operating 
on π/2-1 mode. When the anode voltages are set in 11.6 kV-12.2 kV, 34.47GHz and 
37.26 GHz frequencies coexist and there are 13 undistinguishable electron spokes 
which indicates that it is a transition region from π/2-1 mode to π/2 mode. When the 
anode voltages are set in 12.2 kV-12.8 kV, there are 12 electron spokes with 37.26 
GHz frequency which indicates that π/2 mode is the dominated mode. The output 
power is quite high in the π/2 mode operation due to a high anode voltage. When 
the anode voltages are further increased, the oscillations starts to jump from π/2 
mode to π/2+1 mode and there are 11electron spokes with 38.9 GHz oscillation 
frequency.  
   
(a) 34.47 GHz; 13 electron spokes versus anode voltage 11.2 kV-11.6 kV. 
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(b) 37.26GHz and 34.5GHz; 12 electron spokes versus anode voltage 12kV. 
  
(c) 37.26GHz; 12 electron spokes versus anode voltage 12.2 kV-12.8kV. 
 
(d) 37.29GHz and 38.79GHz; 12 electron spokes versus anode voltage 13kV-13.2kV. 
  
(e) 38.9GHz and 37.25GHz; 11 electron spokes versus anode voltage 13.4kV-13.8kV. 
Figure 3.43 Output frequency and electrons spokes when anode voltage increases from 11.4 kV to 
13.8kV. 




Figure 3.44 Output power versus anode voltages 11.2kV-13.8kV when B= 0.53 T. 
The oscillation fails to start if the anode voltage is above 13.8kV, exceeding the Hull 
cut-off voltage. Figure 3.44 shows that the output power linearly increases when the 
magnetron is operating on π/2 mode (anode voltage 12 kV- 12.8 kV) and reaches its 








+ 1 mode (anode voltage 13.4 kV-13.8 kV). The anode currents are 
shown in Figure 3.45. 
From the theory of the electron wave interaction, the electron velocity can be 
decomposed into radial direction component and azimuthal direction component. 
When the anode voltage increases, the radial velocity increases faster than the 
azimuthal one. As we know, the electron-wave interaction mainly depends on the 
electron azimuthal velocity. Therefore, the slowly increasing azimuthal velocity 
allows magnetron operate on  π/2  mode in a wide anode voltage range 
(12.2kV-12.8kV). However, when the anode voltage further increases or decreases, 
the space charges lose the synchronization with the operating mode and the efficiency 
drops down. 






















Figure 3. 45 Anode currents versus anode voltages 11.2kV-13.8kV when B=0.53 T. 
Mode jumping can also be explained with Hartree resonant conditions of different 
modes. Figure 3.46 shows Hull cut off parabola and Hartree resonant lines of different 
modes. The Hartree resonant lines of π/2-1 mode (k=13), π/2 mode (k=12) and 
π/2+1 mode (k=11) are close with each other. The operating point of the π/2 mode is 
located above k=12 curve and below k=11 curve. When the anode voltage is varied, 
the operating point may shift to its neighbouring resonant lines. Thus, mode jumping 
happens. 
 
Figure 3. 46 Hull cut off parabola, Hartree resonant condition of different modes, and operation 
point of 𝛑/2 mode. 
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In this chapter, the operation of a 35 GHz π/2 − 1 mode SHM with side cathode and 
main cathode has been investigated by using 3-D particle simulation, including cold 
cavity properties, transient behaviour and steady state of the oscillations, and electron 
dynamics. The transient behaviour shows that the neighbouring mode is the main 
competitor to the operating mode. The particle dynamic shows that there are several 
main stages of the particle trajectories: electron injection, electron accumulation, 
electron secondary emission and space charge-wave interaction. The injection current 
is just to provide accumulating electrons near the cathode and its value does not affect 
the magnetron output performance obviously. As compared with conventional 
magnetron, the electron spokes in the SHM distributes irregularly. 
A fast and reliable simulation approach has been developed. The magnetron output 
performances with different secondary emission coefficients and the effect of the 
external quality factor have been investigated by using this simulation approach. It 
demonstrates that there is a threshold value of the secondary emission coefficient for 
the magnetron operation. This may open a way to select cheaper cathode materials 
with relative lower secondary emission coefficient to simplify the magnetron 
construction and reduce the cost.  
The operation of a π/2 mode SHM has also been investigated in simulation. A 
substantially higher output power can be achieved in this mode. However, the mode 
jumping might spoil the SHM operation because of a narrower mode separation. 
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Chapter 4 W-band Spatial Harmonic 
Magnetron for the Application of 
Cloud Radar 
4.1 Introduction 
Millimetre-wave Doppler radars are considered now as the most practical instruments 
for permanent monitoring and investigation of cloud. At present, most of the 
millimetre-wave Doppler radars are based on truly coherent system. However, the 
lack of cost-effective, high power millimetre-wave amplifier, especially for the 
frequencies of 95 GHz and higher, limits the development of such types of radars 
intended for long distance operation. In order to tackle this problem, the main 
objective of this chapter is to model and develop a cost effective 95GHz SHM for the 
application of coherent-on-receiver cloud radar. 
4.2 3-D Modelling of a 95 GHz 𝛑/2-1 Mode SHM 
The basic structure of a 95 GHz SHM is the same as the Ka-band SHM, but with 
more side resonators and smaller dimensions. It consists of thermionic side cathode, 
platinum cold secondary emission cathode, anode block and output structure. The 
simulations are performed by the use of a simplified model which is without the side 
cathode as introduced in Chapter 3. Instead, the initialized bombarding current which 
is a small amount of the total current in the SHMs, is provided by specifying a 
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relatively small seed current 5A to the cold cathode. This primary emission is 
sufficient to initiate the emission of secondary electrons. 
Figure 4.1 illustrates cut away views of the simulation model. It consists of the 
following: 1) 24-vane unstrapped anode block; 2) a quarter-wavelength transformer; 3) 
WR-10 output waveguide; 4) platinum cold secondary emission cathode together with 
non-magnetic end caps; 5) DC voltage input port. The most important geometrical 
dimensions of this model are presented in Table 4-1. 
 
Figure 4.1 Simulation model of a 24-vane 95 GHz 𝛑/2-1 mode SHM. 
Table 4-1 Geometrical parameters and cold simulation results of a 95GHz SHM 
Number of vanes  24 
Cathode diameter (mm) N 1.52 
Anode diameter (mm) 𝑟𝑎 2.6 
Anode length (mm) ℎ 3 
Vane depth (mm) d 0.5 
Resonator opening 𝜃 10.6o 
Output waveguide WR 10 
Copper conductivity (S/m) 5.8e7 
End space (mm) ℎ𝑠 0.6 
Transformer length (mm) l 1 
Transformer width (mm) w 0.17 
Primary current 5 A 
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Table 4-2 Cold cavity simulation results 
𝛑/2-1 upper mode frequency (GHz) 95.43 
𝛑/2-1 upper mode Q0,Qext, QL 890, 248.6, 194 
𝛑/2-1 upper mode circuit efficiency 78% 
π/2-1 lower mode frequency (GHz) 95.12 
π/2-1 lower mode Q0, Qext, QL 879,1.9e6, 879 
π/2 upper mode frequency (GHz) 100.3 
π/2 upper mode Q0,Qext, QL 881, 4e6, 881 
π/2 lower mode frequency (GHz) 99.83 
π/2 lower mode Q0,Qext, QL 870, 207.8, 167.7 
As magnetron cavity consisting of equal resonators, all modes except for the π-mode 
are degenerates. Due to the energy output in one of the anode resonators, the 
degenerate modes form doublets, a pairs of modes with close resonant frequencies and 
essentially different Q factors. It causes the over coupling of the low Q mode to the 
output and at the same time suppress the oscillation of the high Q mode. The cold 
cavity simulation results are shown in Table 4-2.  
The external quality factor of a 95.43 GHz upper π/2-1 mode is 248, while that of the 
95.12 GHz lower π/2-1 mode is 1.9e6. The external quality factor Qext is defined as 




where W is the system’s stored RF energy, 𝑓0 is the resonant frequency, 𝑃𝑜𝑢𝑡 is the 
output power. Thus, for the 95.12 GHz doublet, there is a very low energy coupled to 
the load. Thus, the degenerated modes are well separated. 
The simulated electric field pattern of the upper π/2-1 mode is shown in Figure 4.2, 
where the phase difference between the neighbouring resonators is 75
o
. The mode 
separation is 4.6%. The circuit efficiency of the cavity is < 100% due to copper 
surface loss and it is can be expressed in terms of 𝜂𝑐 







The calculated circuit efficiency of 95.43 GHz π/2-1 mode is 78%. 
 
Figure 4.2 Electric field pattern of the 𝛑/2-1 mode. 
 
Figure 4.3 Hull cut off voltage, Hartree voltage, and operation point. 
Figure 4.3 depicts the Hull cut off parabola, Hartree resonant condition, and one of the 
operation points of this SHM (𝑉𝑑𝑐=10.5kV; B = 0.833T). The operation conditions are 
in the region between the cut off parabola and Hull resonant line. Figure 4.4 (a)-(c)  
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(a)                                      (b) 
 
(c)                                      (d) 
Figure 4.4 Time-evolved spoke formation plotted in the x-y plane at (a) 0.2 ns, (b) 2ns, (c) 5 ns, and 
(d) 15 ns. There are 19 electron spokes at the steady state of the oscillation, which conforms that it 
is operating on the -1th spatial harmonic of 𝛑/2-1 mode. 𝑽𝒅𝒄=10.5kV; B = 0.833T. 
shows the space charge distributions in the x-y plane during the pre-oscillation state at 
0.2 ns, 2 ns and 5 ns respectively. The electron cloud initially forms in the area near 
the emission points assumed on the cathode and then expands until it fills the whole 
interaction space. When the simulation time is 5 ns, there are indications of electron 
spokes originated near the anode surface due to the synchronous interaction between 
the rotating electron cloud and the spatial harmonic mode in the interaction space. 
After the oscillations are saturated after 15ns, as shown in Figure 4.4 (d), the 19 
electron spokes are fully formed, which confirms that the spatial-harmonic magnetron 
is operating at π/2 -1 mode of -1th spatial harmonic. 
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      (a)                                         (b) 
Figure 4.5 (a) Output voltage amplitude measured at the centre line of the output port across the 
output waveguide broad walls. (b) Normalized amplitude of the frequency spectrum obtained 
from a Fourier transform of the time-varying output voltage. The results are for 𝑽𝒅𝒄=10.5kV; B = 
0.833T.  
Figure 4.5 (a) shows the time evolution of the output voltage amplitude measured at 
the centre line of the output port across the output waveguide broad walls, while 
Figure 4.5 (b) shows its corresponding spectrum. Output voltage starts to grow 
abruptly at about 7ns and reaches its saturation value 2280V after 12ns. Considering 
59.05GHz cut off frequency of WR-10 waveguide, the saturated output power is equal 
to 5.4 kW calculated using Equation 3.3. As it can be observed in Figure 4.6, there is 
a nearly constant current of about 9.6 A collected on the anode (𝐼𝑎). Considering 10.5 
kV anode voltage (𝑉𝑑𝑐) and 5.4 kW saturated output power (𝑃𝑜𝑢𝑡), the input power is 





Figure 4.6 shows that 38.3A secondary emission current is generated under 33.5A 
secondary emission current. The averaged secondary emission coefficient is 1.14. The 
cathode current density is as high as 267 A/cm
2
 which is hard to be achieved by 
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classical thermionic cathode. High emission current density is one of the advantages 
of the secondary emission cold cathode. The primary current specified on the cold 
cathode is 5 A which is much smaller than the secondary emission current. Therefore, 
the total cathode current comes from the electron secondary emission. 
 
Figure 4.6 Secondary emission current (38.3A), back bombarding current (33.5A) and anode 
current (9.6A). 𝐕𝐝𝐜=10.5kV; B = 0.833T. 
Table 4-3 Output performance of the magnetron for different values of the 















10.3 0.833 4.1 8 4.97 35 95.21 
10.4 0.833 4.4 8.3 5 36.1 95.21 
10.46 0.833 4.8 9 5.1 36.8 95.21 
10.48 0.833 5.06 9.2 5.24 37.5 95.21 
10.5 0.833 5.4 9.6 5.35 38.3 95.21 
10.6 0.833 6 10.5 5.4 38.3 95.21 
10.5 0.83 5.82 10.4 5.3 38.6 95.21 
10.5 0.835 4.9 9 5.18 38.2 95.21 
The output parameters of the simulation model including output power (𝑃𝑜𝑢𝑡), anode 
current (𝐼𝑎), efficiency (η), and secondary emission current (𝐼𝑠) for different operation 
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points are presented in Table 4-3. When the magnetic field is 0.833T and anode 
voltages are varied from 10.3kV to 10.6kV, the output power is increased from 4.1kW 
to 6kW. The output power is sensitive to the value of the magnetic field. When anode 
voltage is 10.5kV and the magnetic field reduces from 0.833T to 0.83 T, the output 
power is increased from5.4kW to 5.82kW. 
4.3 Considerations Regarding the Pulse Duration Selection 
and Vacuum Break Down 
The copper surface of the anode cavity is heated up during each pulse and is cooled 
down between the pulses. Expansion and contraction of the anode surface cause 
internal stress which in turn creates non-uniformities. When the number of the pulse 
and the pulse width is large, the non-uniformities join together and create micro 
cracks which make heat conduction more difficult and causes a sharp rise in the anode 
temperature, so that the outer layer of the anode starts to melt, spray out, and 
evaporate. It leads to intensive metal condensation onto the cathode which may cause 
frequency shift, unstable secondary electron emission, electrical breakdown, short life 
time and eventually make devices fail.  
Copper is a commonly used material of the magnetron anode, the equation of the 





4.4                        
  𝑆𝑎 = 2𝜋𝑟𝑎ℎ𝛾  4.5 
where 𝑃𝑎 is the dissipated power on the anode in kW, τ is the pulse duration in us, 
 Sa is the anode surface area in cm
2
, γ is the ratio between the anode vane thickness 
Chapter 4 W-band Spatial Harmonic Magnetron for the Application of Cloud Radar 
103 
 
and the width of the side resonator, h is the height of the anode, and 𝑟𝑎 is the anode 




Figure 4.7 70 kW power dissipated on the anode. 
According to the safety rule, the temperature of the copper anode T should not 
exceed 110 ◦C. As shown in Figure 4.7, for an output power of 5.82 kW when𝑉𝑑𝑐 
=10.5kV and B=0.83T, the dissipated power on the anode block 𝑃𝑎 is about 70 kW. 
Using Equation 4.4 and considering 𝑃𝑎=70 kW, it can be conclude that the pulse 
duration τ should be less than 900ns. 
On the other hand, the vane tips of the designed SHM are only 0.24 mm apart and 
vacuum breakdown may occur due to the high RF field between vanes. A threshold 
value for the electric field and voltage at which breakdown may be expected to occur 




      (For long pulse τ ≥ 1ms) 4.6 
  𝐸𝑡 <
1000
𝑉𝑡𝜏0.34
      (For short pulse τ < 1ms) 4.7 
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Where Vt is voltage in kV, Et is the electric field amplitude in kV/cm. τ is in s. 
Using equation 4-4 and considering pulse width τ=900 ns, the electric field magnitude 
threshold 𝐸𝑡 of this magnetron is equal to 2177 kV/cm. 
 
Figure 4.8 Voltage amplitude monitored between the neighbouring vanes of the anode cavity. 
At the resonator opening, the electric field which is nearly uniform can be calculated 
using 
 𝐸 = 𝑉/𝑟𝑎𝜃 4.8                              
where V is the voltage amplitude between the neighbouring vanes, 𝑟𝑎 and θ are the 
anode radius and resonator opening angle, respectively. 
As shown in Figure 4.8, the voltage amplitude between the neighbouring vanes is 1.9 
kV. The calculated electric field amplitude E at the resonator opening is 248 kV/cm. 
This value is far below the threshold electric field. Thus, from both thermal and 
vacuum breakdown analysis point of view, the pulse duration of this magnetron 
should not exceed 900 ns. 
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4.4 95 GHz Magnetron Transmitter 
4.4.1 Introduction 
Based on this magnetron, a transmitter has been developed in the Institute of Radio 
Astronomy of National Academy of Science of Ukraine (IRA NASU). It is remote 
controlled by a standard interface RS-422. The supply voltage is 220V-240V AC. The 
weight is 14kg with dimension of 46.cm × 41.2cm× 14.7 cm. The photograph and a 
simplified block diagram of the transmitter are shown in Figure 4.9 and Figure 4.10, 
respectively. The main parts of the transmitter are high voltage power supply, high 
voltage modulator, filament power supply, control board and magnetron. 
 
Figure 4.9 Photograph of a transmitter based on 95 GHZ SHM. 
The modulator utilizes a circuit with partial discharge of capacitors and a single-pole 
floating switch to form pulsed near-rectangular waveform across the magnetron. Two 
0.05μF capacitors in parallel are used as the energy storage in the magnetron 
modulator. The essential difference of such type of the modulator from the line 
modulator is that only a small part of energy accumulated in an appropriate storage is 
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used to form the output pulse. Since this type of modulator does not require the 
utilization of the matching circuit to the magnetron, it provides a much better shape of 
the output pulse than the line modulator [70]. The pulse width and duty cycle can be 
adjusted by 3V TTL trigger signal from an external pulse generator. 
 
Figure 4.10 Simplified block diagram of a 95GHz magnetron transmitter. 
The stability of the cathode temperature is an important issue to prolong the 
magnetron lifetime. The cathode temperature depends on both of the applied filament 
power and cathode power dissipation due to electron back bombardment. The cathode 
temperature should be kept within a rather narrow interval of several tens degrees 
typically. In this magnetron, 2.2V DC filament voltage is used. This DC voltage can 
not only reduce the magnetron noise, but also enable a digital controller to measure 
both filament voltage and current and to transfer the corresponding data to external 
computer. 
Electrical breakdowns may not only contaminate the vacuum condition inside the 
magnetron, but also may damage the magnetron if there is no current limitation 
provided by the modulator circuit. However, as MOSFETs are in series connection in 
the high voltage switch, the limit current value of the modulator is defined by the 
maximal rated current of the transistors used. So, there is a contradiction between the 
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necessity both to limit the output current and to ensure a minimal settling time of the 
output voltage of the modulator. Moreover, MOSFET are characterized by a rather 
low rated dU/dt capability. The transient intense voltage fluctuation due to the electric 
breakdowns may damage the transistors. 
 
Figure 4.11 Photograph of a W-band magnetron transmitter. 
In this transmitter, there is a simple way that uses some ferrite beads connected in 
series with the magnetron to improve the magnetron voltage stability as shown in 
Figure 4.11. This effect may be explained as follows. Breakdown in the magnetron 
appears usually in two stages. The first stage caused by field emission from a tip 
located somewhere inside magnetron. This stage runs very fast, typically during 
several nanoseconds. It cause negligible damages of the magnetron internal parts, but 
initiates developing the next stage which are overheating, cooper sputtering, and 
further arcing. This stage requires much longer time to run but can cause significant 
Ferrite beads 
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degradation of the magnetron performance. The ferrite beads have rather high 
impedance under transient conditions. Thus, it leads to fast decrease in the voltage 
across magnetron during the first stage of the breakdown and prevents developing of 
the second stage. The ferrite beads also prevent electromagnetic interferences due to 
the magnetron current fluctuation and increase the overall stability of the transmitter 
operation [70-72]. 
The magnetron temperature is measured by a sensor connected to a dedicated 
connector placed on the modulator PCB. The anode voltage and current are measured 
at a number of key test points and exported to external PC via a standard interface 
RS-422. The main window of the transmitter remote control program is shown in 
Figure 4.12. 
 
Figure 4.12 The main window of transmitter control program. 
4.4.2 Frequency of output signal 
The output signal frequency of the magnetron transmitter is measured by R&S FSP 
spectrum analyser. However, the frequency range of the spectrum analyser is below 
40GHz. In this measurement, the frequency range of the spectrum analyser is 
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extended to 75GHz - 110GHz by the use of an 8
th
 harmonic mixer R&S FS-Z110. 
Figure 4.13 shows the schematic of the frequency measurement. A large amount of 
the output power of the magnetron transmitter is absorbed by a load with capacity of 
10 kW peak power and 10 W average power. A small amount of the power is 
extracted by a directional coupler.  
 
Figure 4.13 The schematic of frequency measurement. 
 
Figure 4.14 The setup of the frequency measurement. 




   (a)                                      (b) 
Figure 4.15 Calibration of the devices. (a) Directional coupler which has 54.27 dB coupling at 95.05 
GHz; (b) fix attenuator which has 10.5dB attenuation at 95.05 GHz. 
 
Figure 4.16 Frequency spectrum measured by R&S FSP spectrum analyser associated with R&S 
FS-Z110 8th harmonic mixer. There are two frequencies: 95.05 GHz and 95.86 GHz. 
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As the calibration results in Figure 4.15, the coupling is 54-54.5 dB in the frequency 
range of 94.5-95.5GHz. A 10.5dB fix attenuator and a 0-30dB variable attenuator are 
placed in the signal path between the directional coupler and the mixer to attenuate 
the input power of the mixer below 0dBm. The measured results of the directional 
coupler and fix attenuator are presented in Figure 4.15. 
As we know, the RF signal applied to the input of the external mixer together with its 
harmonics is mixed with all harmonics of the LO signal. Thus, the mixer products that 
fall within the IF of the spectrum analyser with two frequencies 95.05GHz and 
95.86GHz are displayed as shown in Figure 4.16. To distinguish the true frequency 
from the distortion frequency, modern spectrum analysers provide software 
algorithms (so called software pre-selectors), which can detect and eliminate the 
imaginary frequencies before drawing the measured curve on the screen. 
For the purpose, we use another straight forward way to distinguish the true signal. As 
shown in Figure 4.17, a Vector Network Analyser (VNA) is used as a standard 
frequency source providing 95.05GHz input signal to the mixer. The output frequency 
of the mixer is measured by the spectrum analyser. As shown in Figure 4.18, 95.86 
GHz distortion frequency is displayed. Comparing with Figure 4.16, it could confirm 
that the magnetron oscillation frequency is 95.05GHz. It is close to the particle 
simulation result of 95.21GHz frequency. 




Figure 4.17 Distinguish the image frequency of the mixer by the use of VNA as a 95.05 GHz 
frequency source. 
 
Figure 4.18 Frequency spectrum when 95.05 GHz signal is inputted into the mixer. The image 
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4.4.3 Power of output signal 
The magnetron output power is measured by Agilent 436A power meter associated 
with W8486A power sensor. The measurement schematic is shown in Figure 4.19. 
The W8486A is a diode average power sensor which converts the ac voltage from the 
microwave source to dc voltage. It measures power levels in a range from -30dBm to 
+20dBm at frequencies from 75 GHz to 110 GHz. The maximum average power and 
maximum peak power are 23dBm and 46dBm respectively. As the simulated result of 
the magnetron peak power is about 6 kW (68dBm), the coupled peak power inputted 
into the power sensor is about 14dBm which falls in the measurement range of the 
power sensor. 
 
Figure 4.19 Schematic of the power measurement. 
The peak power can be calculated by 
 
 𝑃𝑒𝑎𝑘 𝑝𝑜𝑤𝑒𝑟 =
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑜𝑤𝑒𝑟
𝐷𝑢𝑡𝑦 𝑐𝑦𝑐𝑙𝑒
 4.9                              
The average power is measured by the power meter and the duty cycle is measured by 
the oscilloscope. The measured results when the pulse widths are 50 ns, 100ns, 150ns, 
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and 200 ns when the duty cycle is 0.05% are presented in Table 4-4. The measured 
peak power is about 5.7 kW which is close to the simulated power of 5.82kW. 
Table 4-4 Measured results of the magnetron output power. 
Duty 
cycle, % 










0.05 50 100 10 34.6/2884 5.76 
0.05 100 200 5 34.58/2870 5.74 
0.05 150 300 3.33 34.6/2884 5.76 
0.05 200 400 2.5 34.55/2851 5.7 
4.4.4 Pulse shape 
The schematic of the pulse shape measurement is presented in Figure 4.20. The pulse 
shape is measured by Cernex CFD7511010045 detector which has 15dBm maximum 
input power, -45dBm tangential signal sensitivity (TSS), and 100mV/mW video 
sensitivity when it is operated from 75 GHz to 110 GHz. Figure 4.22 shows the 
measured pulse shapes of the transmitter when the pulse widths are 100ns, 150 ns and 
200ns respectively with a duty cycle of 0.05%. The maximum rise time of the pulse is 
11ns. The pulse jitter is 5.2 ns when the pulse width is 200ns as shown in Figure 4.23 
 
Figure 4.20 Schematic of the pulse shape measurement. 




Figure 4.21 Setup of pulse shape measurement. 
 
(a) Pulse width 100ns; duty cycle 0.05%; rise time 6.7ns; PRF 5 kHz. 
 
(b) Pulse width 150 ns; duty cycle 0.05%; rise time 11ns; PRF 3.3 kHz. 




(c) Pulse width 200 ns; duty cycle 0.05%; rise time 2.7 ns; PRF 2.5 kHz. 
Figure 4.22 Measurement results of the pulse shapes when pulse widths are (a) 100 ns, (b) 150 ns 
and (c) 200 ns respectively. 
 
Figure 4.23 5.2 ns pulse jitter with 200ns pulse width and 0.05% duty cycle. 
4.5 Summary 
A W-band SHM has been investigated by 3-D particle simulation and experimental 
measurement. As shown in Table 4-5, the simulated results agree very well with the 
experimental results which confirm the accuracy of the modelling. Based on the 
considerations of anode temperature and threshold value of the electric field 
corresponding to vacuum break down, appropriate value for the pulse duration has 
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been estimated. The measurement of the magnetron transmitter demonstrates that this 
magnetron has lifetime over 5000 hours with more than 5kW output power and high 
quality transmitting pulses operated at 95.05GHz frequency. It is a promising 
oscillator for the application of millimetre-wave cloud radar. 
Table 4-5 Comparison between the simulation results and measurement results 
Parameters Simulation Measurement 
Anode voltage (kV) 10.5 10.5 
Magnetic field (T) 0.83 0.83 
Frequency (GHz) 95.21 95.05 
Output power (kW) 5.82 5.7 
Anode current (A) 10.4 10 
Efficiency (%) 5.3 4.9 
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Chapter 5 THz-band Spatial 
Harmonic Magnetrons 
5.1 Introduction 
Most of the THz applications call for compact high-power radiation sources. So far, 
many kinds of vacuum tubes such as TWTs, Klystrons, Gyrotrons, and Clinotrons 
have been developed in the low region of THz band up to about 1 THz. However, 
THz-band magnetrons are rarely reported. Spatial harmonic magnetron with cold 
secondary emission cathode is an attractive candidate for the development of 
high-power and low-cost THz oscillators. In this chapter, the properties of the SHMs 
operating in the low region of THz band are investigated based on numerical 
simulations and cavity measurement. A SHM operating above 300 GHz is proposed 
and simulated. 
5.2 209 GHz π/2−1 Mode SHM 
5.2.1 Simulation model and cold simulation results 
The simulation model of the 209GHz SHM has the same anode diameter (2.6 mm) as 
the 95GHz SHM as studied in Chapter 4, but to achieve high frequencies, the number 
of the vanes is increased from 24 to 40. Figure 5.1 shows the simplified simulation 
model without side cathode, in the x-y, x-z planes. It consists of the following parts: 1) 
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a 40-vane anode block; 2) WR-5 output waveguide; 3) a quarter wavelength slot with 
0.1 mm width; 4) platinum cold secondary emission cathode; The material of the 
anode cavity is copper with 5.8e7 S/m conductivity. The main geometrical parameters 
are presented in Table 5-4. 
     
Figure 5.1 Simulation model of a 209 GHz SHM. 
Table 5-4 Geometrical parameters of a 209 GHz SHM 
Parameter Value 
Number of vanes 40 
Anode diameter, mm  2.6 
Cathode diameter, mm 1.55 
Anode height, mm 2 
Side resonator opening  6
o
 
Vane depth, mm 0.242 
End space height, mm 0.5 
Transformer width, mm 0.1 
Transformer length, mm 0.4 
Cathode hat radius, mm 1 
Output Waveguide  WR5 
According to the cold simulation in eigen mode solver, resonant modes and 
frequencies can be identified from the profiles of the vector electric field. For the 
π/2−1 (n=31) mode, the phase difference between the adjacent side resonators is 81
o 
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and the resonant frequency is 210.5 GHz. The neighbouring π/2 mode (n = 30) with 
90
o
 phase shift between the adjacent side resonators is resonant at 217.5 GHz. Their 
cold cavity vector electric field patterns are presented in Figure 5.2. 
      
                 (a)                                           (b) 
Figure 5.2 Cold simulation results of vector electric field distribution (a) π/2-1 mode (210.5GHz), 
(b) π/2 mode (217.5GHz). 
 
Figure 5.3 Resonant frequencies as a function of phase shift between adjacent vanes for two 
models: (1) bare anode block (without end space, end caps and output structure) with PMC 
boundary; (2) anode cavity with output structure as shown in Figure 5.1. 
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Figure 5.3 shows the dispersion diagram of the bare anode block with PMC 
boundaries and the anode cavity with output structure. These two dispersion diagrams 
are close to each other. The slight discrepency is due to the end space and output 
structure. Comparing with the dispersion diagram of the 35 GHz 16-vane SHM  in 
Figure 3.9, the anode cavity with 40 vanes has a large number of the modes. The 
mode sperations of the π-mode and π/2-1 mode are 0.08% and 3.3% respectively. 
5.2.2 Particle simulation 
Figure 5.4 plots the Hull cutoff parabola, Hartree resonant line of the π/2−1-mode and 
one of the examined operating points (13.6 kV, 0.948 T). The operating point is 
selected in the region where the Hartree resonant line and the Hull cut-off parabola 
are close to each other. To trigger the secondary emission, 2A DC seed current is 
specified on the cold cathode surface. When 13.6kV anode voltage and 0.948T 
magnetic field are applied, the electron cloud initially forms in the area near the 
emission points assumed on the cathode (see Figure 5.5) and then expands until it fills 
the whole interaction space. Figure 5.6 depicts the time evolution of the space charge. 
In the beginning, before 2ns, the secondary emission current is very low (see Figure 
5.6 (a) and Figure 5.7) and most of the space charges come from the primary 
electrons. During this stage the space charge is uniformly distributed as shown in 
Figure 5.6 (b). 




Figure 5.4 Hull cut-off parabola, Hartree resonant line and operation point (13.6kV, 0.948 T). 
 
Figure 5.5 2 A seed current emitted from the emission points specified on the surface of the cold 
cathode. 
After 3ns, there is an avalanche increase of the secondary emission current, which 
results in the destruction of the uniform space charge pre-exsited. As shown in Figure 
5.6(d), When the oscillation is stable after 5 ns, 31 electron bunches appare near the 
anode surface. As it is known, the number of spokes is equal to the number of 
complete periods (k=m+nN) of the synchronous harmonic along the anode 
circumference. Thus, for this 40-vane SHM (N=40), the formation of 31 electron 
spokes confirms the synchronism between the first backward harmonic (m= −1) of the 
π/2 – 1 mode (n=9) and the space charge. 
























Chapter 5 THz-band Spatial Harmonic Magnetron 
123 
 
(a) (b)             
(c) (d)              
Figure 5.6 Time-evolved spoke formation plotted in the x-y plane at (a) 0.2 ns, (b) 2 ns, (c) 3 ns, and 
(d) 5 ns. The charge profiles are plotted for 13.6 kV, 0.948 T, when 2 A DC current is specified on 
the cathode surface. 
 
Figure 5.7 Secondary emission current, back bombarding current, and anode current for 13.6 kV, 
0.948 T. 
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Figure 5.7 presents the time evolution of the secondary emission current, back 
bombarding current, and anode current. At the steady state, there is 37.73A secondary 
emission current gerated by 26.1A back bombarding current. The corresponding 
secondary coefficient is 1.45. The secondary emission current is around 19 times of 
the primary seed current. Thus, the main cathode emission current comes from the 
secondary emission.  
This state is referred to as secondary-emission-dominated state [73]. As shown in 
Figure 5.6(d), in this state, a more turbulent space charge results in more energy 
exchange between the particles [61]. There are three regions with low charge density 
(“voids”) propagating through the bottom of the space charge, which modulates the 
electron density entering the electron bunches and a part of electrons are not 
synchronous with the operating mode. 
 
Figure 5.8 Space charge distribution at the steady state of the oscillation of a DC emission model 
with 40A cathode current. 
For the comparison purpose, the magnetron is investigated with DC emission cathode 
instead of secondary emission cathode. A constant 40A current, which is close to the 
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total cathode current in the secondary emission model, is specified in the DC emission 
model. Figure 5.8 shows that the space charge distribution is quite regularly. There 
are many layers in the electron sheath and the electrons distribute uniformly in each 
layer with low fluctuation. This state is referred to as primary-emission-dominated 
state. Therefore, it is deduced that the electron secondary emission is the main reason 
of the irregular space charge distribution and strong fluctuation. 
 
Figure 5.9 The normalized amplitude of π/2 – 1 mode of -1th spatial harmonic in the inter action 
space (anode surface r=1.3; cathode surface r=0.7). 
Figure 5.9 shows the e-field amplitude of the π/2 –1 mode of -1th spatial harmonic in 
the interaction space normalized by the field at the anode surface, according to the 
following distribution law [74] 




where 𝑈𝑟 is the e-field amplitude at the position r; 𝑈𝑎 is the e-field amplitude near 
the anode surface; 𝑘 = |𝑛 + 𝑚𝑁|. 
Cathode surface is at r=0.7 mm and anode surface is at r=1.3 mm. One can see that 
the amplitude of the electric field decreases exponentially at the locations far away 
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from the anode surface. An increase of the number of resonators N results in a 
concentration of the electric field in a thin layer near the anode surface. The amplitude 
of electric field reduces to about 90% at the position r=1.2 which is 0.1 mm away 
from the anode surface. Therefore, in order to realize an efficient electron-wave 
interaction, the electrons have to move closer to the anode surface. This is the reason 
why the operation points should be selected close to its critical value determined by 
the Hull cut off parabola. This is also the main reason why the electron bunches are in 
a thin layer near the anode surface as shown in Figure 5.6 (d) and Figure 5.8. The 
surface wave operation leads to an increase of the leakage current and a decrease of 
the efficiency. 
 
Figure 5.10 Output voltage amplitude measured at the centre line of the output waveguide broad 
walls for 𝐕𝐝𝐜= 13.6 kV and B = 0.948 T. 
Figure 5.10 shows the time evolution of the output voltage of the secondary emission 
model. The output voltage grows rapidly at about 3ns and reaches its saturation value 
𝑉𝑜𝑢𝑡 = 1500 𝑉 after 5ns. Considering the dimensions of the WR-5 waveguide 
(a=1.295 mm,b=0.648mm) and 115.7 GHz cutoff frequency, the calculated output 
power of this model is 2.48kW. The oscillation frequency is 209 GHz as shown in 
Figure 5.11, which is around 1.5 GHz lower than π/2-1 mode cold cavity frequency 
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due to the effect of the space charge. At the steady state of the oscillation, around 13.5 
A current is collected on the anode surface. 
The magnetron is investigated with various values of anode voltage and magnetic 
field. Figure 5.12 presents the the output voltage profiles when the anode voltages are 
13.5 kV, 13.6 kV, and 13.7 kV and magnetic field keeps constant at 0.948 T. Figure 
5.13 shows the output voltage profiles when the magnetic field is varied from 0.944T 
to 0.956T with 13.6kV anode voltage. The simulation results are summarized in Table 
5-1. 
 
Figure 5.11 Normalized amplitude of the output frequency in dB. 
Table 5-1 Simulation results performed with various operation points 
B, T 𝑉𝑑𝑐, kV 𝐼𝑎, A 𝑃𝑜𝑢𝑡, kW η f, GHz 
0.948 13.5 10 1.39 1.02% 209 
0.948 13.6 13.6 2.48 1.34% 209 
0.948 13.7 14.7 3.19 1.58% 209 
0.944 13.6 15 2.8 1.37% 209 
0.952 13.6 8.8 1.26 1.05% 209 
0.956 13.6 7.8 1.1 1.03% 209 






































Figure 5.12 The output voltages when anode voltages are 13.5kV, 13.6kV, and 13.7 kV with 0.948T 
magnetic field. 
 
Figure 5.13 The output voltages for B = 0.944T, 0.948T, 0.952T, 0.956T and 𝑽𝒅𝒄=13.6kV anode 
voltage. 
5.2.3 Anode cavity fabrication and measurement 
5.2.3.1 Anode cavity fabrication 
The anode cavity is fabricated by the use of 0.05mm diameter Wire Electric 
Discharge Machining (WEDM, also named wire cutting). The photograph of the 
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(a)                                    (b) 
Figure 5.14 (a) The photograph of a 40-vane anode cavity; (b) the zoomed view of anode block. 
    
Figure 5.15 Schematic of the wire cutting. 
Wire cutting is a type of micro EDM which is quite affordable for the magnetron 
cavity fabrication. As sketched in Figure 5.15, in the wire cutting process, the wire 
and the work piece are two electrodes with high voltage. Here, the work piece is 
oxygen-free copper. The large electric field arcs across the gap between the wire and 
the workpiece raises the local surface temperature to between 8000°C and 12,000°C 
and melts a roughly hemispherical volume on the workpiece. Therefore, as shown in 
Figure 5.14 (b), the bottoms of side resonators are rounded rather than being sharply 
cornered in the simulation model in Figure 5.1. 
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The wire is held in tension between a feed spool and a take-up spool and is 
continually fed through the cutting area. In this way, the cutting surface is continually 
replenished eliminating the need to regularly replace the wire. The wire is usually 
supported in a fixed position in the machine, but the workpiece can be translated and 
rotated in three dimensions around the wire enabling some fairly complicated shapes 
to be cut with a single straight edge. Both the wire and the workpiece are immersed in 
a dielectric fluid (usually deionized water). The arc vaporizes the dielectric locally, 
and the implosion of the vapor bubble helps to pull material from the molten crater on 
the metal surface. The flow of dielectric fluid then cools and flushes the removed 
material from the area. Normal range of the EDM wire diameter is from 0.3mm to 
0.03mm. 
5.2.3.2 Anode cavity measurement 
The anode cavity is measured by R&S Vector Network Analyser (VNA) associated 
with ZVA-Z220 millimetre-wave converter in the frequency range of 
140GHz-220GHz. There are two curves in Figure 5.16. One is the simulated S11 of 
the simulation model in Figure 5.1 without considering fabrication tolerance; the other 
is the measured S11 of the fabricated anode cavity. The simulated resonance 
frequency of S11 is 210.1 GHz which is very close to the π/2−1 mode frequency in 
the cold cavity simulation. However, there are two resonant frequencies of the 
measured S11: 208.1 GHz and 216.7 GHz. 
To investigate the influence of the fabrication tolerance, the simulation model is 
modified by side resonators with rounded bottoms as shown in Figure 5.17, where r is 
the radius of the corner. The simulations indicate that the rounded bottoms of the side 
resonators result in the resonant frequencies increased. Therefore, it could confirm 
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that the π/2−1 mode frequency of the fabricated anode cavity is 216.7GHz which has 
6GHz frequency shift due to the fabrication tolerance. Simulation results shows that 
the radius of the rounded corner r is around 0.06mm. On the other hand, the vane of 
side resonator is 0.068mm width which is too thin to be fabricated. The vanes can be 
bended or cracked during the fabrication process. Therefore, it is needed to optimize 
the anode cavity with the consideration of the practical fabrication.  
 
Figure 5.16 Simulated S11 of the model with sharply cornered side resonators and the measured 
S11 of the fabricated anode cavity with rounded corner side resonators. 
 
Figure 5.17 The side resonator with rounded bottoms. r: bottom radius; d: vane depth. 




















Y: -18.16 X: 216.7
Y: -19.08measured S11
simulated S11
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5.2.4 Anode cavity optimization 
To keep the resonant frequency at around 209 GHz, the anode cavity is optimized by 
increasing the vane depth d from 0.234mm to 0.248mm. The radius of the bottom 
corner r is 0.06mm. To make the vanes thicker, the resonator opening reduces from 
6𝑜 to 5.9𝑜. The geometry dimensions are presented in Table 5-2. Other geometrical 
parameters are the same as the model in Figure 5.1. This optimized model requires 
much more mesh cells due to the tiny rounded corner, which results in the 
requirement of relatively large computer source and long simulation time. It takes 
around 105 hours for 5 ns simulation time for the particle simulation by the use of a 
quad-core Intel 3.2-GHz processor. 
Table 5-2 Optimized geometries of the anode side resonators 
Side resonator Before optimization After optimization 






Vane depth, mm 0.234  0.248 
Figure 5.18 shows the profile of the time-varying output voltage monitored at the 
centre line of the output waveguide broad walls, when the operating point is 13.6 kV, 
0.948 T. The oscillation is stable after 3 ns with 1100V output voltage. The calculated 
output power is 1.3 kW which is 1.18kW lower than the model without the 
consideration of the fabrication tolerance. The corresponding oscillation frequency is 
208.7GHz as shown in Figure 5.19. The space charge distribution at the steady state is 
presented in Figure 5.20. 




Figure 5.18 Output voltage amplitude measured at the centre line of the output waveguide broad 
walls for 𝑽𝒅𝒄= 13.6 kV and B = 0.948 T. 
 
Figure 5.19 Normalized amplitude of the output frequency in dB. 
 
Figure 5.20 Space charge distribution at the steady state of 5 ns. 




























































Figure 5.21 The photograph of the 210GHz magnetron (150mm*75mm*75mm, 1.3kg) [75]. 
The magnetron is developed in IRA NASU, Ukraine, as shown in Figure 5.21 [75]. 
The magnetron is operated with pulse duration of 50ns and duty factor of 0.01%. A 
low-power thermionic cathode producing a current of about 100 mA was used as the 
auxiliary cathode to initiate the secondary emission from the cold cathode. The 
magnetron is operated at a frequency of 208.8 GHz with an output peak power of 
about 1.1 kW and an average power of about 0.11 W. Its weight is 1.3 kg with 
dimensions of 150 mm × 75 mm × 75 mm. The measurement results are presented in 
Table 5-3. Comparing the simulation and experimental results, there is a good 
agreement between them. 
Table 5-3 Simulation results and experimental results 
 Simulation results Experiment results [75] 
Anode voltage 𝑉𝑑𝑐, kV 13.6 14.6 
Magnetic field B, T 0.948 0.94 
Frequency f, GHz 208.7 208.8 
Output power 𝑃𝑜𝑢𝑡, W 1336 1099 
Anode curent 𝐼𝑎, A 10.2 20 
Secondary emission current 𝐼𝑠, A 31 -- 
Efficienty η, % 0.96 0.4 
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Thus, according to particle simulation and experimental experiment, one could 
conclude that the fabrication tolerance should not be neglected during the design of 
the THz SHM, since there is a significant influence on the magnetron performance. 
5.3 300 GHz π/2−3 Mode SHM 
Following the study on the 209 GHz SHM in the previous section, this section 
presents a spatial harmonic magnetron model above 300GHz. The geometrical 
parameters are shown in Table 5-4. The magnetron is operated on the π/2−3 mode of 
-1th spatial harmonic. These parameters have been selected to be close to those of a 
318 GHz  π/2-2 mode simulation model previously reported in [76] which was 
proposed by using of an in-house developed 2D PIC code. These parameters are 
selected in a way that they can provide maximum output power for the π/2-3 mode 
with a resonant frequency about 300 GHz. 
Table 5-4 Geometrical parameters of a 300GHz magnetron simulation model 
Number of vanes, N 44 
Cathode diameter, mm 1.2  
Anode diameter, mm 2  
Side resonator depth, mm 0.135 
Side resonator opening angle 5.7
o
 
Vane thickness 0.043 
Vane gap, mm 0.1  
Anode height, mm 2  
Output waveguide WR 3 
Copper conductivity, S/m 5.8e7 S/m 
The height of the end space, mm 0.25 
Transformer length, mm 0.2 
Transformer width, mm 0.05 
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When the number of the side resonators is increased to 44, the RF field moves much 
closer to the anode surface. As shown in Figure 5.22, the amplitude of the electric 
field reduces 50% when 0.02 mm away from the anode surface and almost vanishes at 
the position 0.1 mm away (r=0.9) from the anode surface. 
The approximate analysis of the beam-wave interaction in the SHM reveals that 
among the RF components, the electron trajectories and power generation in the SHM 
with large number of resonators depend on the synchronous harmonic of the angular 
electric field 𝐸∅ near the anode surface [77]. 
 
Figure 5.22 The normalized amplitude of the -1th spatial harmonic of π/2 – 3 mode in the 
interaction space (anode surface r=1; cathode surface r=0.6) 
𝐸𝜑 near the anode surface is written as [77] 
 












𝑘𝑚 = 𝑚𝑁 + 𝑛, m= …, -1, 0, 1, ...; 𝑛 = 1, 2, … , 𝑁/2   
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where N and 2θ are the number of side resonators and resonator’s opening angle, 
respectively, m is the order of spatial harmonic and n is the mode number. 𝑎−1 is 
referred to as the amplitude of the -1th spatial harmonic, respectively. 
In this model, N=44, m=-1, n= 8, thus 𝑘−1=36. To get the maximum amplitude of the 
–1th spatial harmonic, the resonator opening 2θ is close to 5
o
. According to the cold 
cavity simulation, to increase the frequency of the π/2-3 mode to 300 GHz, the vane 
depth is about 0.137 mm. 
As the RF field is in a thin layer near the anode surface, the electron cyclotron radius is 
comparable with the dimension of the interaction space and on one or two turns the 
electron is exposed to the region of RF-field. With the electron drift-like motion and the 
orbital-like motion taken into account, the electron-wave synchronization is determined 










































Where B is the external magnetic field, ω is the angular oscillation frequency, k is 
the number of RF field variations along the anode perimeter, and m is the number of 
spatial harmonic. The drift-orbital resonance condition, Hull cut off condition and 
Hartree resonance voltage are plotted in Figure 5.23. 




Figure 5.23 Hull cut off parabola, Hartree resonant voltage, drift orbital resonance curve and 
operation point of the 300 GHz 𝛑/2-3 mode SHM.  
As the magnetic field of the π/2-2 mode SHM is around 1.25T [76], the magnetic 
field of the π/2-3 mode should be smaller than 1.25 T. Therefore, the operation points 
are in the region 1.1T-1.25T, and the anode voltage is in the range of 12kV-14kV. 
Comprehensive simulations have been carried out to find an optimal combination of 
the magnetron dimensions and the values of the anode voltage and the dc magnetic 
field. The obtained vane depth and resonator opening are 0.135 mm and 5.7
o
 
respectively. Figure 5.24 shows the cold simulation results of the E-field patterns 
of π/2 mode (351.1 GHz), π/2-1 mode (337.8 GHz), π/2-2 mode (321.5 GHz) 
and π/2-3 mode (303.3 GHz). The mode separation of π/2-3 mode is 6%, while that of 
the π/2-2 mode is 5%. 
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(a) 𝛑/2 mode 351.1 GHz           (b) 𝛑/2-1 mode 337.8 GHz 
    
 (c) 𝛑/2-2 mode 321.5 GHz          (d) 𝛑/2-3 mode 302.3 GHz 
Figure 5.24 Cold simulation results of electric field patterns of different modes. 
  
     (a)                                    (b) 
Figure 5.25 (a) Output voltage amplitude measured at the centre line of the output port across the 
output waveguide broad walls; (b) normalized amplitude of the frequency spectrum obtained 
from a Fourier transform of the time-varying output voltage. The results are for 𝑽𝒅𝒄= 12.9 kV, B = 
1.24 T. 
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There is 2A DC seed current specified on the cathode surface. When 13 kV anode 
voltage and 1.24 T magnetic field are applied, there are around 36 A secondary 
emission current generated by 600 eV back bombarding energy at the steady state, 
Figure 5.25 (a) shows the output voltage amplitude measured at the centre line of the 
output port across the output waveguide broad walls. The output voltage reaches its 
saturation value of 800 V after 4 ns. Considering the WR 3 waveguide a = 0.864 mm, 
b = 0.432 mm, and the cut off frequency of 173.57 GHz, the calculated output power 
is 695 W. The anode current is 8A with calculated efficiency of 0.67%. As shown in 
Figure 5.25 (b), the oscillation frequency is 301.4 GHz which is close to the cold 
cavity frequency of the  π /2-3 mode (302.3 GHz). The simulation results are 
summarized in Table 5-5. 
The electron cloud initially forms in the area near the emission points and electron 
bunches appear after 4 ns. There should be 36 electron spokes when electrons interact 
with π/2-3 mode of -1th spatial harmonic. However, the number of the electron 
bunches cannot be distinguished due to the non-periodical distribution in a thin layer 
near the anode as shown in Figure 5.27 and Figure 5.27. 
Table 5-5 Simulation results of a 44-vane 𝛑/2-3 mode SHM 
Anode voltage, kV 12.9 
Magnetic field, T 1.24 
Anode current, A 8 
Trigger current, A 2 
Secondary emission current, A  36 
Back bombarding current, A 27 
Output power, W 695 
Efficiency, % 0.67 
Cold cavity frequency, GHz 303.3 
External quality factor 𝑄𝑒𝑥𝑡 674 
Unloaded quality factor 𝑄𝑜 847 
Loaded quality factor 𝑄𝐿 375.3 
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(a)                                       (b) 
Figure 5.26 Time-evolved spoke formation plotted in the x-y plane at (a) 1ns and (b) 5ns. 
 
Figure 5.27 Zoomed view of Figure 5.26 (b). 
5.4 Summary 
In this chapter, the PIC simulations of a 209 GHz SHM shows that when magnetron 
depends on the primary emission dominated state, the space charge has low internal 
fluctuation and distributes regularly. When the magnetron depends on the secondary 
emission dominated state, there is a disturbance in the form of voids traveling through 
the space charge which causes the space charge irregular.  
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According to the fabrication and measurement of the anode cavity and the 
optimization of the simulation model of a 209GHz SHM, it indicates that the 
fabrication tolerance should be taken into account in the design of the high frequency 
SHM. Compared with millimetre-wave band SHM, the efficiency of the THz-band 
SHMs with a large number of vanes is much lower due to the surface wave in the 
anode slow wave structure.  
The simulation model of a SHM above 300 GHz is proposed. The simulation results 
show that such magnetrons can produce at least 0.6 kW output power. 
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Chapter 6 Conclusions and Future 
Work 
6.1 Conclusions 
In this thesis, considerable insights into the characteristics of the spatial harmonic 
magnetron have been gained through 3D particle simulation and experimental 
measurement. The following are the obtained knowledge and key contributions in this 
work. 
1. The effect of the injection current from the side cathode and a fast spatial harmonic 
magnetron model. 
It is found that the cathode current depends on the secondary emission electrons. The 
injection current from the side cathode is just to provide accumulating electrons near 
the cathode to initiate the electron secondary emission on the cold cathode and does 
not affect the spatial harmonic magnetron performance. Thus, a fast SHM model 
without side cathode has been developed. 
2. The dominate roles of the electron back bombardment and secondary emission in 
SHMs. 
The particle simulations on several SHMs have shown that the electron back 
bombarding energy is substantial, in the range of 300eV-500eV. The electron 
secondary emission coefficient is dependent on the back bombarding energy. This 
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energy in turn triggers electron secondary emission, which plays an important role in 
the SHM operation. The threshold value of the secondary emission coefficient for the 
stable operation of SHM is around 80% of platinum (1.44). Below this value, the 
oscillation cannot start properly. This may open a way for using of pure cheaper metal 
with relatively lower secondary emission coefficient than that of platinum to simplify 
the magnetron construction and reduce the cost.  
3. The mode stability in SHMs. 
It is found that the neighbouring modes are the main competitors of the operating 
mode in SHMs. The oscillation may jump from one mode to the neighbouring ones 
when the anode voltage is tuned. Though the operation in the π/2 mode is capable of 
a higher output power, it is less stable than the π/2 – 1 mode operation due to a 
narrower mode separation. 
4. Development of a 95GHz SHM for cloud radar application. 
The simulated performance on a compact 95 GHz SHM is in a good agreement with 
the measured one. A number of engineering issues, such as the pulse duration, the 
anode temperature and vacuum break down have been considered for the SHM to 
deliver more than 5kW peak power with 200ns pulse in 0.05% duty cycle. The quality 
of output signal pulses assessed in experiment indicates that this SHM can be 
effectively used for the development of a low cost W-band cloud radar. 
5. The non-periodical space charge distribution in SHMs. 
The particle simulations reveal that contrary to a conventional magnetron in which 
there are periodical and well defined electron spokes, the space charge in the SHM is 
Chapter 6 Conclusions and Future Work 
145 
 
non-periodical due to the secondary emission cathode and the non-π mode operation.  
The turbulent space charge results in low output efficiency in SHMs. 
6. Investigation of a 209 GHz SHM. 
When the SHM operating frequency is further increased to THz band, the RF field is 
found to be closer to the anode surface. Thus, the electron bunches have to be near the 
anode surface for the synchronised energy exchange, which further lowers the 
magnetron efficiency. The measurement on the fabricated anode cavity shows that the 
fabrication tolerance should be taken into account during the design of the THz-band 
magnetron.  
7. Simulation of a 300 GHz SHM. 
The research work on the 35GHz, 95GHz, and 209GHz SHMs has stimulated me to 
study a magnetron above 300GHz. Based on the analysis on a 44-cavity anode, the 
𝜋/2-3 mode is chosen to improve the mode stability. The particle simulation indicates 
that such magnetrons can deliver at least 0.6 kW peak power at a frequency above 
300GHz.  
6.2 Future work 
Although a number of the millimetre-wave and THz band SHMs have been 
investigated in this thesis, there are still many issues to be addressed further. The 
areas deserve further study may include the following. 
 As is known, the rate of rise up of anode voltage, which is determined by the 
modulator, plays an important role in the magnetron performance. Therefore, the 
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influence of the rate of rise up of anode voltage needs to be investigated in the 
future. 
 The amplitude of the backward harmonic is always smaller than the amplitude of 
the fundamental one, i.e. π mode. This results in a weak interaction of electrons 
with the RF field, leading to a low efficiency in the SHMs. On the other hand, 
since there is no mode separation straps on the anode, the THz magnetron with a 
large number of side resonators has very small mode separation even in the spatial 
harmonics. Therefore, a rising sun type of the anode with a good separation 
between the π mode and the neighbouring modes is a promising candidate to be 
explored for the development of THz magnetrons. 
 The current approach to develop a magnetron beyond 300GHz is to increase the 
side cavity numbers on the azimuthal plane of the anode. We have already seen the 
limitation of this approach since the mode separation is getting worse with a poor 
oscillation stability and a low efficiency, apart from the engineering challenges. 
One possible approach to be explored is to employ a high order harmonic on the 
axial plane of the anode, i.e. so-called dash modes in the conventional magnetrons.  
The preliminary study has shown that the anode frequency is beyond 300GHz 
when operating in the first axial harmonic with the same 209GHz magnetron anode 
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